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Resumo
O presente trabalho descreve o desenvolvimento e a validação de técnicas de imagem e
espectroscopia no diagnóstico de cancro, usando a banda de frequências terahertz. São
introduzidos métodos teóricos para a determinação da origem do contraste observado
nos espectros dos coeﬁcientes de absorção e indices de refracção, obtidos por espec-
troscopia terahertz, e nas imagens terahertz, com tecido biológico normal e afectado
por cancro. Especiﬁcamente, os tecidos estudados no presente trabalho foram os do
colon e recto, em diferentes fases de desenvolvimento de cancro nomeadamente desde
o tecido em estado normal ao estado mais avançado. O estudo experimental foi feito
em amostras de tecido biologico da mesma tipologia e tratadas segundo procedimen-
tos histopatológicos normalizados como a ﬁxação em formol e/ou embebimento em
paraﬁna. O presente estudo demonstra que é possível distinguir o tecido normal do
afectado por cancro, usando as técnicas de espectroscopia e imagem terahertz. Neste
estudo são apresentados gráﬁcos de curvas de coeﬁcientes de absorção e índices de
refracção correspondentes a tecidos normais e afectados por cancro assim como imagens
de transmissão terahertz em 2D. Os resultados do presente trabalho são discutidos
e, são estabelecidas as melhores condições de discriminação entre tecidos normais e
cancerosos.

Abstract
The present thesis describes the development and validation of imaging and spectro-
scopic techniques for diagnosis of cancer in humans at THz frequency. Theoretical
methods are introduced to determine the origin of the contrast observed in the absorp-
tion coeﬃcients and refractive indices spectra of THz spectroscopy measurements and
in the images of healthy and, aﬀected biological tissues. The speciﬁc biological cancer
tissues investigated in this thesis have been colon and rectal tissues in diﬀerent phases of
cancer development from healthy to strongly aﬀected regions. The experimental studies
have been made in samples, from the same tissue typology, treated by the standard
histopathologic procedures as formalin-ﬁxation and paraﬃn-embedding. The study
shows that it is possible to distinguish between healthy and cancer aﬀected tissue,
using the terahertz spectroscopic and imaging techniques. Plots of the absorption
coeﬃcient and the index of refraction of healthy and cancer aﬀected tissues as well as
2-D transmission THz images are presented. The experimental results are discussed
and the best conditions for the tissues discrimination are established.
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Chapter1
Introduction
1.1 Background
The Terahertz (1 THz = 1012 Hz) band lies between microwave and infrared region of
the electromagnetic spectrum, as shown in Figure 1.1 The wavelength extends typically
from 0.3 mm to 3 mm and consequently the frequency from 0.1 THz to 10 THz and
the wavenumber from 3.33 to 333 cm−1.
IR UV 
Figure 1.1: Spectrum of electromagnetic radiation showing the
location of the terahertz (THz) range.
Since the pioneering research work in the THz frequency region initiated in 1975 [1416]
THz techniques are experiencing a huge development boom. David Auston at AT&T
Bell Laboratories developed a photoconductive emitter, able to produce a single pulse
of THz radiation after being stimulation by a short optical pulse [17],The invention
of the mode-locked Ti:sapphire laser generating ultrashort light pulses at a high
repetition rate helped to develop the photoconductive THz generation and opened
the THz frequency region to spectroscopic studies.
Terahertz radiation is non-ionising and it penetrates a wide variety of non-polar mate-
rials such as clothing, paper, cardboard, wood, masonry, plastic and ceramics. However
it is strongly absorbed by polar molecules, such as water, and it is highly reﬂected by
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metals. Currently, THz imaging and spectroscopy are being developed and applied in
diﬀerent areas, such as physics, chemistry, medicine, defence, security, etc.
Time-domain THz-imaging and spectroscopy employing the method of coherent gated
detection, used in this work are currently implemented by many research groups
for applications in medicine. Biological fat tissue, bone, teeth and soft living tissue
have been imaged, with the average power even below the level of blackbody radiation.
Aimed to de detection of anomalies in tissues, associated with diseases, such techniques
will hopefully become powerful research tools to contribute for the solution of the
important health and social problems associated, for example, with cancer.
Since the water absorbs strongly in all THz frequency range, it limits the depth of
biological tissue that can be tested in THz imaging and spectroscopy. As the water is
one of the main constituents of biological tissues, the tissues penetration depth of THz
radiation ranges from typically a few hundred microns in high water content tissues
(muscle and adipose tissue) to several centimetres in tissues with a high fat content
[1821]. In the ﬁrst tissue demonstration of THz imaging, it was possible to distinguish
the muscle and fat porcine tissues. The diﬀerent water content in these tissues was
assumed to be responsible for the contrast. Since the publication of these results, the
number of reported biomedical studies using THz has greatly increased including teeth
and artiﬁcial skin models [18, 22], healthy skin and basal cell carcinoma in both vitro
and in vivo [18,23]. Some of them exploit the sensitivity of the THz absorption to water,
using the degree of hydration as a measure of tissue disease state [19, 21, 23]. Others
have highlighted the contrast between normal (health) and diseased tissue [22, 24, 25].
assuming it was mainly due to diﬀerences in the fundamental properties of the tissues
and its imbalances caused by the presence of a disease [26].
1.2 The Scope and Motivation of this Thesis Work
The present work is aimed to explore the potential of the new THz imaging and
spectroscopy techniques, which are non-invasive and non-time consuming. Many bio-
molecules have resonant peaks in the terahertz range, associated to vibrational ou
rotational modes and intermolecular interactions in the frequency interval of 0.1  10
THz. Therefore, the spectroscopic response of biological tissues contents a vast amount
of information. These techniques are expected to bring a comprehensive screening and
diagnostic of human diseases, particularly in the case of cancers which is the subject
of this thesis work.
According to estimation by WHO, more than 85% of all cancers are diﬃcult to detect
in early phases and the clinicians recur to excision biopsy to remove parts of body
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tissue for examination under microscope. This procedure has the inconveniences of time
consuming and painful histopathological actions. We hope the THz techniques based in
this thesis may help to decrease that percentage and to eliminate those inconveniences.
In this work we intend to demonstrate the ability of transmission time-domain THz
spectroscopy (TDTS) and continuous wave terahertz imaging (CWTI) to distinguish
basal cell carcinoma and other forms of malignancies (benign and normal tissue associ-
ated with cancer and related diseases), both in vitro and in vivo. Besides the proposed
diagnostic, we hope this thesis could also (a) contribute to a better understanding of
THz pulse propagation through complex media and (b) help in the development of a
cost eﬀective diagnostic THz endoscopic device, able to provide access to internal ep-
ithelial surfaces for early cancer detection, and ﬁnally (c) contribute to the development
of major opportunities for the THz science into medicine.
1.3 Experimental Approach
In the present work, the experimental approach was building a TDTS set-up using pho-
toconductive antennas for both transmitter and receiver. With this setup, experimental
measurements have been performed and data have been collected and processed to
determine frequency-dependent constants of measured biological tissues. Then, CWTI
system has been set-up in order to scan samples of both normal and cancer aﬀected
regions.
1.4 Major Contribution of this Work
The novelties of this research work are: (1) Is one of the few studies ever done in
colon cancer detection by THz techniques; (2) Is the ﬁrst time that a comparative
study is realized between formalin-ﬁxed and paraﬃn-embedded colon tissues in order
to determine whether there are additional contrast-contributing factors other than
water; the study compares the results of TDTS and CWTI for two types of tissue
histopathologic preparation (formalin-ﬁxation, and drying and paraﬃn-embedding)
of colon tissue. It conﬁrms the ﬁndings of other researchers in the ﬁeld that the
observed contrast in TDTS and THz imaging measurements is not only caused by the
increased water content in cancer tissue but there are other factors contributing to
it; the research found that, even existing many other contrast factor, water content
variations in respect to normal water presence in biological tissue structures could
warn for a disease presence; (3) two techniques have been used, TDTS for absorption
coeﬃcient and refractive index spectra analysis and CWTI for image analysis, both on
the same samples and at the same environment conditions.
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1.5 Limitations
Preparation, conservation and handling of biological samples may cause some changes
to the tissues that make diﬃcult the generalization of the conclusions of the laboratory
experiments. The presented results are for ex-vivo samples, but we are conﬁdent they
can be extended to in-vivo ones.
It has been not possible to have access to a large diversity of biological tissue typologies,
aﬀected with cancer, as it would be desirable. It was due to the nature of the samples
and the number of institutions and collecting procedures.
The problems associated with the physical conservation of the samples are also rele-
vant. The formalin is 10% neutral buﬀered formalin (4% formaldehyde (HCHO) in
phosphate buﬀered saline) and it is generally used to preserve the biological tissue from
degradation, and to maintain the structure of the cells inclusive of sub-cellular com-
ponents such as cell organelles (e.g., nucleus, endoplasmic reticulum, mitochondria).
The formalin ﬁxation preserves tissues or cells mainly by irreversibly cross-linking
proteins [27]. Therefore, the main action of these aldehyde ﬁxatives is to cross-link
amino groups in proteins through the formation of CH2 (methylene) linkage, while
preserving the structural integrity of the cells and tissue. It can damage the biological
functionality of proteins, particularly enzymes, and can also denature them to a certain
extent.
The handling of the samples in an optical laboratory environment may also cause some
limitations mainly due to dehydration caused by evaporation during set-up preparation
and measurements.
1.6 Thesis overview
This thesis is divided in six chapters. In chapter 1, we give a short summary of
the THz radiation background, the thesis scope and the motivation which led us to
the realization of the present work. Some references of experimental work kicking
oﬀ and practical challenges and limitations that we have faced. In chapter 2, we
introduce fundamental physical principles of the generation and detection processes of
THz radiation. Here, we also give an overview of some methods and source materials
(LT-GaAs and ZnTe, specially) for both generation and detection. In chapter 3, we
present theoretical background over the TDTS, data analysis methods used in this
technique with highlight on the spectroscopic extraction of the frequency-dependent
constants (the absorption coeﬃcient α and the index of refraction n). In chapter 4,
we present the TDTS on biological tissues in ex-vivo. Tissue histological preparation
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procedures, a brief discussion on sample preparation and its mounting in TDTS sample
holder, and a brief introduction on cancer-cell biology. We also give an account on
our experimental study's performance and procedures. In chapter 5, we show the
experimental results, data extraction and analysis, and discussions. We compare the
spectra of α and n between formalin-ﬁxed with those of paraﬃn-embedded colonic
tissues. We also compare the α maps of the two kinds of samples. In chapter 6 we
present our ﬁnal discussion, conclusions and remarks.

Chapter2
Theory and background
2.1 Introduction
The invention of TDTS led to a signiﬁcant rise of research groups in this ﬁeld. Mo-
tivated by the need of understanding the physics of the processes leading to the THz
generation and detection, enormous eﬀorts have been taken toward the development
of new source materials, propagation models, improvement of generation-detection
techniques and its applications, although the basic experimental principles have not
undergone signiﬁcant changes.
In this chapter we review the physical fundamentals related to the generation and
detection of THz radiation. We limit our discussion to photoconductive antennas and
optical rectiﬁcation in non-linear crystals. The formalisms used to estimate the optical
constants of materials using TDTS will be presented. The conclusions will be applied
to explore the properties of biological material.
2.2 Terahertz Pulse Generation
The process of generation and detection of terahertz (THz) radiation using ultrashort
laser pulses has been intensively studied during the last decade. In recent years
many research groups have studied and developed numerous sources and techniques
for generating THz radiation in an eﬀort to thoroughly explore the THz frequency
region [17]. Hence, terahertz sources can be broadly classiﬁed as incoherent thermal
sources, coherent broadband pulsed sources and narrowband continuous-wave sources.
The incoherent thermal sources such as arc lamps or silicon carbide electric heating
elements (SiC) emit a very broad range of frequencies among which are THz frequencies.
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The majority of broadband pulsed THz sources are based on the excitation of appro-
priate materials with ultrashort laser pulses where electrons and holes are optically
generated due to inter-band absorption of the optical pulses. They are then spatially
separated by the electric ﬁeld or due to the photo-Dember eﬀect which arises from the
charge mobility causing the acceleration of the carriers at diﬀerent rates. A transient
photocurrent varying on picosecond time scale generates THz radiation. An alternative
mechanism for THz generation is the optical rectiﬁcation, possible in crystals without
inversion symmetry and with a suﬃciently large nonlinear susceptibility. Although
there are several techniques for the generation of continuous-wave THz radiation, the
very common techniques are limited to low power THz radiation (< 100µW) the so
called up-conversion techniques which mostly make use of electronic methods. There
are also other techniques such as photo-mixing (optical heterodyne down-conversion),
Far-infrared gas lasers, P-Type Ge-lasers, Quantum cascade lasers, etc [17, 28]. One
other highly advanced technique is based on semiconductor deposition that allows
to be constructed multiple quantum-well semiconductor structures for laser emission
(called quantum cascade lasers). It has been demonstrated that these lasers emits at
THz frequencies. The major advantage among many others is their small dimensions
and emission power in the mW range. Its drawback is the requirement of very low
temperatures (∼ 203.10C or 70K) for better functioning. For more intense THz
radiation, the generation techniques are based on the acceleration and deceleration
of high energy electron beams in string magnetic ﬁelds such as free electron lasers
(FEL) and backward wave oscillators (BWO) [29]. Table 2.1 presents the main THz
generation and detection techniques.
Table 2.1: Generation and detection techniques associated with
continuous-wave and pulsed THz systems
Emission Detection
Continuous-
wave
Free-electron lasers (FEL)
Molecular gas lasers
Photomixing
Quantum Cascade Lasers
(QCL)
Backward-wave oscillators
(BWO)
Goley cell
Bolometer
Pyroelectric detector
Bolometer
Pulsed
Bulk semiconductor surface
Optical rectiﬁcation
Optical parametric
generation
Photoconductive antennas,
etc.
Deuterated triglycine sulfate
(DTGS)
EO sampling
Bolometer
Photoconductive antenna
Albeit the broad diversity of techniques leading to the THz generation as it was
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mentioned above, only photoconductive antennas and optical rectiﬁcation (a traditional
non-linear technique for THz generation), will be taken in account here, despite the
last one was not used in the present work.
The THz generation by photoconductive antennas (PCAs) has proved to be the most
eﬃcient technique to convert VIS/IR pulses to THz radiation with respect to both
intensity and spectral bandwidth [30]. Low-temperature-grown gallium-arsenate (LTG-
GaAs) grown by molecular beam epitaxy at low substrate temperatures of about 2000C
followed by a rapid thermal annealing, has been the most widely used for PC-emitter
and detector due to their unique properties such as ultrashort carrier lifetime, large
resistivity, and relatively good carrier mobility [31].
2.3 Photoconductive Antennas
Photoconductive antennas (PCA), also known as Auston switches, were formerly pio-
neered by Auston [14] in the mid-1975s when pumping a high-resistivity silicon by a
mode-locked Nd:glass laser [16]. Later, they have been developed for free space THz
spectrometer applications by Grischkowsky [32]. The PCAs are usually constructed
by depositing two electrodes, consisting of two strip-lines separated by 5 − 10µm on
a suitable semiconductor material with the right bandgap. This Hertzian dipole-type
antenna has typically a width of 10 − 20µm, and a length (L) of 50 − 200µm. In its
emitter conﬁguration it is biased with a DC voltage and illuminated with a femtosecond
laser pulses. The dipole-type antenna is the most widely used resonant antenna, which
emits THz waves with a central wavelength of λn = 2L/m where λn is wavelength in the
substrate. The response wavelength in the free space is λ = λnn, where n is refractive
index of the substrate. L represents the length of the antenna (the distance between
the striplines as it will be shown later in this chapter) and m can be any positive
integer. There are several PCA electrode conﬁgurations of common use. Figure 2.1
illustrates some of these conﬁgurations. There is also a nonresonant PCA type with a
variable width that can lead to a broader frequency response range. Geometries of this
type of PCA include the so called bow-tie, shown in Figure 2.2 (used in this work),
spiral, and logarithmic periodic antennas.
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(a) (b) 
Figure 2.1: PCA electrode conﬁgurations. (a) Stripline and (b) oﬀset
electrode conﬁguration
GdL
w
Figure 2.2: Schematic diagram of Bow-tie antenna
2.3.1 Generation of THz Radiation by Photoconductive
Antennas
Photoconductive antennas are biased THz emitters and are capable of relatively large
average THz powers up to 40 mW [33] and bandwidths as high as ∼ 10THz [34]. The
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photoconductive antenna uses high-speed photoconductors as transient current sources
that generate the radiation, and metallic electrodes are used to bias the photoconduc-
tive gap and form the antenna. The physical mechanism for THz wave generation in
PCAs is that when a femtosecond (fs) laser pulse with an arbitrary intensity proﬁle
I(t), excites a biased semiconductor with photon energy (Eph = hν) larger than its
bandgap (i.e., the energy diﬀerence between the bottom of the conduction band and
the top of the valence band) energy, Eg = 1.24eV.µm/λ, (Figure 2.3) and electron-hole
pairs (EHP) are generated due to absorption of laser photons. Figure 2.4 illustrates a
biased dipole-type PCA structure and pumped with a femtosecond optical pulse. This
type of PCA was used in this work.
Semiconductor’s 
Bandgap 
(Forbidden) 
Conduction band 
(Normally empty) 
Valence band 
(Normally full) 
phE h
Energy 
Position 
Figure 2.3: Photon absorption process in a semiconductor
For GaAs at room temperature and under normal atmospheric pressure, the bandgap
energy is Eg = 1.42eV [35] . The variations of bandgap with temperature is given
by [36]
Eg(T ) = Eg(0)− (αT 2/T + β) (2.1)
where T is the temperature and α and β are material constants.
Therefore, GaAs is an appropriate semiconductor to be excited by Ti:saphire laser
pulses (λ = 0, 8µ). The rapid change of the density of the photocarriers and their
in phase-acceleration due to applied bias ﬁeld yield a large transient surface current.
Consequently, an electromagnetic pulse, proportional to the time derivative of this
current, is radiated into the free space (Figure 2.5). The intensity and bandwidth of
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the THz radiation are largely aﬀected by the material parameters such as the bandgap,
carrier's lifetime, and resistivity.
DC Bias 
Electrodes  
(metal strip-lines) 
Semiconductor  Substrate 
(a) Front view
THz 
pulse 
Femtosecond laser pulse 
Substrate lens 
(b) Side view
Figure 2.4: Schematic views of a photo-conductive antenna (PCA):
(a) front view (b) side view. A femtosecond laser pulse is shining on
the central area of the PCA; electronhole pairs are created depending
on the wavelength (λ) of the laser and the semiconductor structure.
The radiated electric ﬁeld ETHz(t) by the dipole antenna (Figure 2.5), in free space, at
a distance r much greater than the wavelength (r  λTHz ), far-ﬁeld, is [37]
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ETHz(t) =
µ0
4pi
sinθ
r
d2
dt2
[p(tr)] θˆ (2.2)
where p(tr) is the dipole moment at retarded time, tr = t− r/c, and θ is the angle of
direction of the dipole with position vector ~r, as shown in Figure 2.5. The derivation
of the dipole moment in time yields
dp(t)
dt
=
d
dt
∫
ρ(r′, t)r′d3r′ =
∫
r′
∂ρ(r′, t)
∂t
d3r′ (2.3)
where ρ(r′, t) is the charge carriers' density. Since ∂ρ/∂t = ∇ · ~J then,
dp(t)
dt
=
∫
r′∇ · J(r′, t)d3r′ =
∫
J(r′, t)d3r′ (2.4)
where J(r′, t) is the current density, anda assuming unidimensional carriers' transport
we obtain
dp(t)
dt
=
∫
J(z′, t)d3r′ =
ω0/2∫
−ω0/2
Iphc(z
′, t)dz′ = ω0Iphc(t) (2.5)
where Iphc is the intensity of the photocurrent. Hence the THz electric ﬁeld can be
expressed as [17]:
ETHz(t) =
µ0ω0
4pi
sin θ
r
d
dtr
(Iphc(tr)) θˆ ∝ dIphc(t)
dt
(2.6)
where µ0 is the vacuum permittivity, ω0 is the spot size of the optical beam (usually
ω0 ≈ 10µm <λTHz = 300µm at 1 THz).
The production of ultrashort currents (∼ 1ps lifetime at FWHM) is strongly dependent
upon the carrier's lifetime ( τe for electrons and τh for holes) in the semiconductor,
GaAs, in this case [38]. The low temperature (∼ 2000C) grown gallium arsenide (LT-
GaAs), with and τe = 0.2ps and τh = 0.4ps, is the most used ultrafast THz emitter
semiconductor [39]. Its photo-carriers have a trapping time considerably shorter than
their recombination time and the photo-carriers' life-time can be approximated as
their trapping time. The time-dependent photocurrent density in the emitter can
be expressed as the convolution of the optical pulse envelope with the photocurrent
impulse response [40]
Iphc(t) =
∫
Iopt(t− t′) [en(t′)υ(t)]dt′ (2.7)
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Figure 2.5: Schematic diagram of an electric dipole radiation from a
PCA.
where I(t) is the intensity proﬁle of the optical pulse, e is the elemental electron charge,
n(t) the carriers' density and υ(t) the average electron velocity.
The time-dependent optical intensity is considered to be Gaussian:
Iopt(t) =
Φ
2
√
pi∆t
exp
(
− t
2
∆t2
)
(2.8)
where,Φ is the total pump optical ﬂuence, τp =
√
ln 2∆t is the FWHM and ∆t is the
length of the Gaussian pulse.
The dynamics of the photo-carriers' density under excitation nphc is governed by the
following expression:
dnphc(t)
dt
+
nphc(t)
τphc
= δ(t) (2.9)
so
nphc(t) =
{
e−t/τphc for t > 0
0 for t ≤ 0 (2.10)
where τPhC denotes photo-carriers life-time and δ(t) is a Dirac delta function, denot-
ing the optical impulsive excitation. According to the Drude-Lorentz model (which
describes eﬀectively the carrier transport of the photo-generated electron), in the
dynamics of the photo-generated free carriers in a semiconductor, the average velocity
of the photo-carriers is governed by following diﬀerential equation [1],
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dυ(t)
dt
= −υ(t)
τs
+ EDC
e
meff
(2.11)
where υ is the average velocity of the carriers, EDC is the DC bias ﬁeld, considered to
be constant, τs is the momentum relaxation time, e is the electric charge of the carriers
and meff is the eﬀective mass of the photocarriers (inertial resistance of an electron
inside the semiconductor against an acceleration due to the force of applied external
electric ﬁeld). Solving Eq. (2.11), we get the time dependence of average velocity
υ(t) =
{
µeEDC
(
1− e−t/τs) for t > 0
0 for t ≤ 0 (2.12)
where the electron mobility is µe = eτs/meff .
Here, we assume that the bias ﬁeld is constant (EDC = const.) and since the holes
are moving too slow compared to the electrons (for the majority of semiconductors
µe  µh) the holes are not taken in account. The integration of equation (2.7) by
insertion of the equations (2.10) and (2.12) leads to:
IPhC(t) =
+∞∫
0
Iopte
−(t−t′)2/τ2p e−t
′/τPhCµeEDC
(
1− e−t′/τs
)
dt′
= µeEDCIopt
+∞∫
0
e−(t−t
′)2/τ2p−t′/τPhC
(
1− e−t′/τs
)
dt′
(2.13)
whose solution is
Iphc(t) =
√
pi
2
µeEDCIopt
×
[
exp
(
τ 2p
4τ 2phc
− t
τphc
)
· erfc
(
τp
2τphc
− t
τp
)]
− exp
(
τ 2p
4τ 2phcs
− t
τphcs
)
· erfc
(
τp
2τphcs
− t
τp
) (2.14)
where
1
τphcs
=
τs + τphc
τphcτs
(2.15)
and the erfc is the complementary error function
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Figure 2.6: The photo-current in the emitter and the electric ﬁeld
amplitude of the corresponding THz far-ﬁeld radiation as function of
time. The dotted line represents the temporal shape of the laser pulse.
The circles correspond to experimental data [1].
erfc(z) = 1− erf(z) = 2√
pi
∞∫
x
e−t
2
dt (2.16)
In Figure 2.6 is shown the evolution of the photo-current and the respective THz far-
ﬁeld as function of time. They are calculated from equation (2.14) and the equation
(2.8) respectively. Here the parameters, photo-carriers' life-time (τPhC), the momentum
relaxation time (τs), and the optical pulse duration
(
τp =
√
ln 2∆t
)
are taken in
account.
In a PCA more than 50% of THz radiation is emitted to the substrate side meanwhile
approximately the other half is emitted to the free space through the lens substrate.
This conclusion is based on the antenna theory that a dipole antenna emits roughly
ε3/2 times more power into the dielectric material than into the air [41], where ε is
the dielectric constant of the substrate material. For high emission eﬃciency of a
PCA, high carriers' mobility and high voltage breakdown materials are needed. The
LT-GaAs semiconductor is used very often in PCA fabrication due to its advantageous
characteristic parameters such as the high mobility (200−400cm2/V.s), high resistivity
(106Ω.cm) and high breakdown voltage (4× 105V.cm−1) [42].
In summary, the process of generation of THz radiation from a PCA, illuminated with
ultrashort laser pulse, can be regarded as it follows: under optical excitation, a photo-
current is generated in the DC-biased PCA and the resulting rapidly changing current
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radiates a THz pulse.
2.3.2 Detection of THz radiation by Photoconductive
Antennas
Almost two decades ago David H. Austin and co-workers generated and detected, for
the ﬁrst time, THz pulses using PCAs [29]. The generation antenna was biased by 45
V and the detecting antenna was connectes directly to a current ampliﬁer.
The same physical principle that drives the process of THz generation in PCAs also
drives the gated detection of THz pulses. Therefore the photo-carriers' dynamics,
discussed in the previous section (2.3.1), is applied to the process of THz ﬁeld detection
by PCAs although as an inverse process. Here, the electric ﬁeld created by the
applied voltage (bias) separates the electronhole pair spatially (Figure 2.7). The
electron, which has a higher mobility moves toward the positive contact faster than
the hole that moves toward the negative electrode. So that the electron will reach the
positive contact ﬁrst and exit the semiconductor. This creates a net positive charge
in the semiconductor, which is compensated by the introduction of an electron by the
negatively biased ohmic contact [43].
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Figure 2.7: A photon is absorbed by an LT-GaAs semiconductor,
creating an electronhole pair.
The electron, with a velocity more than 10 times greater than the hole, traverses the
semiconductor and is collected on the positive contact, causing another electron to be
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introduced at the negative contact. Meanwhile, the hole is still on the way to reach
the negative contact. Finally the hole reaches the negative contact and is collected in
the stream of the external circuit. Thus, the length of the photoconductivity event
is determined by the transit time of the sluggishly moving photo-carrier (the hole),
th = L/υh = LPC/µhE where the subscript PC stands for photoconductive. Hence,
the bandwidth of the detector PC can be determined. During the hole's transit time
a number of electrons have traversed the semiconductor and the external circuit in
order to maintain charge neutrality. So the one photon shot and its absorption triggers
current ﬂow. The ratio of the number of electrons collected per incident photon is the
detecting PC gain, given by [44].
GPC = τ/te (1 + µh/µe) (2.17)
where te = LPC/µeE.
The photoconductivity of the substrate material can be expressed as
∆σ = λeηIτs(µe + µh)/chdPC (2.18)
where η is the quantum eﬃciency h is the Planck's constant, µe,h are the mobilities of
electrons and holes, and dPC is the photocontuctive substrate thickness. The expression
is valid only if all incident radiation is absorbed otherwise it must be multiplied by a
factor, 1− exp (−αd), where α is the absorption coeﬃcient at the working wavelenth,
c is the speed of the light in vacuum.
The bandwidth is then determined by the transit time of the holes as follow:
BPC =
1
pith
=
µhV
piL2
(2.19)
The detection PCA is gated with a femtosecond pulse that was split oﬀ from the
beam used to excite the generating atenna. Thus, the gating pulse (optical probe
pulse (OPP)) creates photocarriers and the THz pulse provides the bias ﬁeld to create
a detectable current (typically in the range of nA) which feeds a current ampliﬁer
(Figure 2.9). Usually the output of the current ampliﬁer is connected to a LIA or
gated integrator synchronized with a chopper (an optical intensity modulator) for SNR
enhancement, and then to a computer. The THz electric ﬁeld waveform can be mapped
out in time domain by measuring the current while the time-delay between the THz
pulse and the optical probe beam is varied and controlled on the PC-display.
The photo-current J(t) does not depend only on the incident THz radiation but also on
the transient surface conductivity, σ(t). Then J(t) can be expressed as a convolution
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Figure 2.8: Schematic showing the PCA detector
in the following form:
J(t) =
t∫
∞
σs(t− t′)ETHz(t′)dt′ (2.20)
where ETHz(t) is the THz electric ﬁeld incident on the PCA gap. The σs(t) is deter-
mined by the optical intensity, carriers' drift velocity and the photocarriers' density
[40] [40].
Fourier transformation of the equation (2.20) yields
J(ω) = σs(ω)ETHz(ω) (2.21)
This result demonstrates that the detection bandwidth of the PCA-transceiver's detec-
tor, (Figure 2.8) is limited by the photo-carriers' dynamics in the semiconductor. Figure
2.9 shows roughly the process of THz generation and detection, the main conﬁguration
of components and signal analysis.
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Figure 2.9: Diagram of photoconductive transceiver. The emitter is
on the left; the receiver is on the right. The THz pulse is recorded
as a function of delay time and the obtained time-domain signal is
Fourier-transformed numerically.
To measure the electric ﬁeld with high temporal resolution, the response-time of
the detector, τR, has to be short in respect to the rate of change of the THz ﬁeld.
The response time can be estimated convolving the THz electric ﬁeld ETHzwith the
detector's response-time τR. Figure 2.10 shows the schematic representation of the
THz detection process. The time axis is determined by the delay time between the
THz pulse and the gating laser pulse. In Figure 2.10(a), the THz pulse is not yet
arrived in the antenna structure, therefore, the current is zero, since the antenna bias
voltage, is provided by the THz pulse, and there is no net current ﬂow through the
antenna; in Figure 2.10(b) the positive peak of THz pulse is incident on the antenna
simultaneously with the laser gating pulse, then current ﬂows from the lower half of
the antenna to the upper one; in Figure 2.10(c), the negative peak of the THz pulse is
incident on the antenna simultaneously with the laser gating pulse, corresponding to a
symmetric situation compared to Figure 2.10(b).
Considering that the laser gating pulse arrives at t=0 and the THz pulse arrives at
t = t0, then the time average current can be expressed as follows [45],
I(t) =
2Lrα
w
∞∫
−∞
σs(t)ETHz(t− t0 − τ)dτ (2.22)
where, L is the distance between the strip-lines (the length of the dipole), α is the
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Figure 2.10: Schematic representation of the THz detection process.
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Figure 2.11: Broadband THz time pulse (inset) and its correspond-
ing fast Fourier transform (FFT).
absorption depth in the semiconductor and w is the width of the dipole's gap.
Equation (2.22) indicates that I(t) would be exactly proportional to the THz electric
ﬁeld, if the photoconductor response time was represented by a Dirac δ − function.
This time dependent signal I(t) can be numerically Fourier transformed using Fast
Fourier Transform (FFT) and represented in the frequency domain. Figure 2.11 shows
a broadband THz pulse in frequency domain with the corresponding time signal (inset).
The shape of the detected THz pulse depends on the characteristics of the PCA
receiver. Figure 2.12 shows THz signal waveforms detected with PCAs made of diﬀerent
semiconductor materials and the respective FFT spectra.
In summary, the detection is performed by the following way. A micro-scale dipole
antenna is stuck on a semiconductor substrate with ultrashort carrier life-time≤ ps [30].
For THz detection, the characteristics of the used PCA semiconductor and the PCA's
design (fundamentally, its length, (L = 30-200µm) are critical features in the eﬃciency
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Figure 2.12: Time-resolved THz radiation waveforms emitted by
10 mm ZnTe (110) crystal are detected by diﬀerent types of PCAs:
GaAs:As+, SI-GaAs and LT-GaAs PCA,s Image representing detec-
tion of broadband THz ﬁeld. (a) time signals; (b) corresponding FFT
spectral amplitudes [2].
of the detector (Figure 2.13).
The antenna's width w is tens of micrometers and the antenna's gap dG = 5−10µm is
approximately equal to the gating laser focus spot (dopt), ≥ 5µm. The ultrafast laser
pulse knocking onto the PCA's gap generates electron-hole pair (see section 2.3.1)
decreasing the conductivity of the gap because of the ultrashort recombination time
τph of the carriers. The arrival of the laser pulse works as a switch. It makes the gap
resistance to change (in a picosecond time-scale), from quasi-insulating (ρ ≈ 107 Ω.cm
for LT-GaAs [40]) to conducting and from conducting to quasi-insulating and so on.
The gap resistance is given by
RG(t) = w/σ(t)A (2.23)
where A is the gap cross section area and approximately equal to 2dα where α is the
absorption coeﬃcient and 1/α represents the absorption depth in the semiconductor.
2.3.3 Materials for PCAs
The semiconductor materials mostly used for THz generation and detection are indi-
cated with their characteristics in the Table 2.2.
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Figure 2.13: Schematic of the front view of a PCA dipole structure
with the focused laser spot impinging into its gap.
Table 2.2: Materials and characteristics for PCAs
Photoconductive (PC) Carrier Mobility Resistivity Band gap
material lifetime (ps) (cm2V.s) (Ω/cm) (eV at R.T.)
Cr : SI −GaAs 50− 100 ≈ 1000 107 1.43
LT −GaAs 0.25 aver. 150− 200 106 1.43
LT − In0.52Al0.48As 0.4 5 1.45
ErAs ≈ 0.25 > 100 5× 105 1.43
SI − InP 50− 100 ≈ 1000 4× 107 1.34
Ion-implanted InP 2-4 200 > 106 1.34
Ion-implanted Ge 0.6 100 0.66
RD − SoS 0.6 30 1.10
Amorphous Si 0.8− 20 1 107 1.10
MOCVD CdTe 0.5 180 1.49
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2.4.1 Optical Rectiﬁcation in Non-linear Media
The development of broadband coherent sources and detectors of THz radiation con-
stitute a key element in the progress of THz spectroscopic and imaging measurement
capabilities. Actually, optical rectiﬁcation arises as a result of the transient polarization
which occurs when an ultrashort and high-intensity optical pulse interacts with the EO
medium. The generated THz power is proportional to the square of the incident optical
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power, and is determined by the second-order optical nonlinear coeﬃcient (χ(2)), and
varies with the relative orientation of the laser polarization and the crystallographic
axes. Nowadays, lasers with pulse duration of ∼ 10 fs are available, a fact that allows us
to expand the bandwidth of coherent spectroscopy considerably. Optical rectiﬁcation
was one of the ﬁrst techniques used to generate THz radiations and has the advantage
over PCAs for the fact that its output saturates at much higher pump powers. DC
optical rectiﬁcation of 694 nm continuous wave (CW) laser in potassium dihydrogen
phosphate (KDP) and potassium dideuterium phosphate (KD*P) was ﬁrstly demon-
strated by Bass et al in 1962. Generation of a somehow broadband THz radiation (0.06
 0.36 THz) was achieved by Yang et al. in 1971 by optical rectiﬁcation of picoseconds
Nd:glass laser pulses in litium niobate (LiNbO3).
Recently Wu and Zhang, 1995 and Jepsen et al and Nahata et al., 1996, have demon-
strated EO sampling of freely propagating THz pulses.
In optical rectiﬁcation, crystals as dielectric crystals (LiNbO3,LiTaO3, etc.), semi-
conductors (ZnTe, InP, GaAs, GaSe, etc.) and organic crystals (DAST, MA1:MMA,
BNA, etc.) rectify the oscillating electric ﬁeld of an optical pulse to generate a quasi-
DC polarization which follows the pulse envelope. The zinc-telluride (ZnTe), with
high transparency in both optical and THz frequencies, and with large EO-coeﬃcient
(r41 = d14 = 4 mp/V ) is a widely used EO-crystal for THz generation and EO-
sampling. Therefore, we will consider it in all examples throughout this section. It
has no-inversion symmetry (non-centrosymmetric). In this crystal an eﬃcient THz
radiation generation may be obtained when the optical beam is polarized along the[
110
]
crystallographic direction and propagates along the [110] axis. In this geometry
the non-linear polarization is co-polarized with the optical beam.
Optical rectiﬁcation is a process in which an optical pulse that is traveling through a
non-linear crystal induces a time-dependent polarization change that leads to the radi-
ation of an electromagnetic wave, whose polarization depends on the crystal orientation
and on the incident pump polarization, and can be expressed as [37]
EradTHz ∝
∂2P (t)
∂t
(2.24)
where P (t) is the polarization.
Normally the frequency content of the radiated THz ﬁeld has a strict relation with the
pump beam bandwidth. So, an optical pulse with the duration τ = 10 fs could led to
a rectiﬁcation of ∆ν = 1/τ = 100 THz bandwidth. Since in experimental conditions
there is an imperfect phase-matching between the group velocity of the incident optical
pump and the phase velocity of the radiated THz ﬁeld, limitation in bandwidth of the
radiated THz ﬁeld is expected. Now let us suppose that an electromagnetic ﬁeld
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propagates through a medium. It will tend to distort the atomic electronic structure
of the medium, leading to the polarization of the medium. For example in an isotropic
medium, like the zinc-telluride crystal (ZnTe), a scalar relationship of polarization (P ),
the electric susceptibility (χ), and the electric ﬁeld (E) is used, and it is given as
P = ε0χE (2.25)
where ε0 is the permitivity of the free space.
This linear relationship is valid only for moderate ﬁelds, for higher ﬁelds, higher order
terms are introduced and, as a result, the polarization takes the form of a power series
expansion:
P nl2 = ε0(χ
(1)E + χ(2)E2 + χ(3)E3 + χ4E
3 + ...) (2.26)
where χi is the ithorder susceptibility.
In this expansion, the term χ(2)E2, represents the 2nd order non-linear optical eﬀect,
which is associated to both optical rectiﬁcation and the Pockells eﬀect. Let us now
assume that there is an incident optical wave with the form:
E = E0sinωt (2.27)
then we will have
P (2) = ε0χ
(1)E sinωt+ ε0χ
(2)E20
1
2
(1− cos 2ωt) + ... (2.28)
where, in this case, the 2nd order non-linear polarization P (2), consists of a DC-
polarization, ε0χ2E
2
0/2 and a polarization with a cos2ωt-dependence (which describes
the SHG (second harmonic generation)). Therefore, the DC-polarization is a result
of the incident optical electric ﬁeld rectiﬁcation by the 2nd order non-linear χ of the
medium. Now suppose there are two optical waves, E1 = E0 sinω1t and E2 = E0 sinω2t.
So, it yields:
P (2) = ε0χ2
E20
2
[cos (ω1 − ω2) t+ cos (ω1 + ω2) t] (2.29)
It results in two terms: (a) P (ω1−ω2), radiating at ω1 − ω2 , which is responsible for
THz-radiation generation, (b) P (ω1+ω2), radiating at ω1 + ω2, which is not relevant for
our purpose.
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For eﬃcient generation of THz radiation by optical rectiﬁcation, we need single crystal
with large EO coeﬃcients, high second-order non-linearity, high quality structure,
appropriate thickness and crystal orientation with respect to the linear polarization of
the THz radiation. Additionally, the crystal surfaces must be optically ﬂat at optical
excitation wavelengths.
For greater interaction between the optical probe beam (OPB) and THz pulses in
the crystal, and for the maximization of both the generation and sampling processes,
longer interaction lengths are desirable. The phase matching is an imprescindible
condition. It limits the interaction length in the crystal and restricts its usable length.
Therefore, optical rectiﬁcation process can be considered as a mixing of diﬀerent
spectral components of the optical pulse and THz frequency (ωopt and ωopt + ωTHz).
For the wavevector k, the phase-matching condition is given by [40]
∆k = k(ωopt + ωTHz))− k(ωopt)− k(ωTHz) = 0 (2.30)
where k is the wave vector and ωopt and ωTHz are the optical and the THz frequencies,
respectively.
There is an ideal condition for THz radiation. If the refractive indices of the two
frequencies are equal, nopt = nTHz, meaning the two overlapped pulses propagate with
the same velocity, the THz ﬁeld would be constantly ampliﬁed as it propagates through
the crystal. The refractive indices for the optical and the THz wavelengths for ZnTe
are given as [46].
n2Opt =
4.27 + 3.01λ2
λ2 − 0.142 (2.31)
n2THz =
289.27− 6ν2THz
29.16− ν2THz
(2.32)
In real situations nopt 6= nTHz and, therefore, the velocity-matching condition is diﬃcult
to achieve. The eﬃciencies of non-linear THz generation and detection decrease with
the increasing of the velocity mismatch. There is a tolerable velocity-mismatch distance
called coherence length deﬁned as the distance over which the optical pulse propagates
before leading or lagging the THz wave by a phase shift of pi/2. Neglecting the
dispersion in the optical spectral range, the coherent length can be written as [47]:
lc =
cpi
ωTHz
∣∣nopt(eff)(ω0)− nTHz(ωTHz)∣∣ (2.33)
where c is the velocity of light, nopt(eff) = nopt(ω)−λopt (∂nopt/∂λ)|λopt , ωTHz = 2pi/νTHz
is the THz frequency, ω0 is the excitation laser frequency, nTHz is the refractive index at
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THz frequency, nopt is the refractive index at optical frequency and nopt(eff ) is the group
velocity refractive indices of the femtosecond optical pulse. The lc for bandwidths up
to 3 THz is ∼ 0.5mm and in the order of 50 µm for bandwidths larger than 3 THz [48].
The diﬀerence between the indices at optical and THz frequencies is normally small in
all zinc blend crystals making possible the collinear velocity-matching.
There are some factors that aﬀect the eﬀectiveness of optical rectiﬁcation such as:
(a) the pulse duration of the laser, (b) the phase-matching conditions, and (c) the
absorption of the EO crystal. The pulse duration of the laser is the main input for
the crystal and determines the bandwidth of the THz pulse. Shorter pulses are needed
in order the bandwidth be extended, and it is supposed that with the development
of sub 10 femtosecond range laser, bandwidth of 100 THz could be generated. With
such broadband pulses, it is impossible to select EO materials that fulﬁll the condition
of group velocity matching for all frequency components. The thickness of the EO
material must be small to obtain broad-bandwidth emission. The absorption in the
EO crystal also aﬀects the generation performance, so the thicker the crystal, the
higher is the absorption, resulting in a lower output. Materials with a large second-
order nonlinear coeﬃcient are good candidates for the THz source [49]. Currently, ZnTe
is the material of choice due to its high nonlinear coeﬃcient, high damage threshold,
and best phase-match condition with the Ti:sapphire laser. In contrast to PCAs the
crystal must be pumped with a laser whose wavelength is longer than its bandgap
Eph = hc/λ < Eg to get rid of absorption of the incoming radiation.
Zinc-blende semiconductors like ZnTe, Gap and GaSe are the widely used for THz gen-
eration by optical rectiﬁcation since it generates very short and high-quality THz pulses.
With higher electro-optic coeﬃcients, the organic crystals, like 4-dimethylamino-N-
methyl-4-stilbazolium tonsylate (DAST) [50] and, very recently, N-benzyl-2-methyl-4-
nitroaniline (BNA) [51], have an enhanced capacity to generate stronger THz signals.
However, the THz ﬁelds that they generate are very complex, in both time and
frequency domains. They also, have a very large naturally occurring birefringence,
which complicates their application and low-frequency phonon bands that limit the
bandwidth in them. Because of this, the ZnTe crystal remains the widely preferred
choice for the generation of THz radiation by optical rectiﬁcation. Figure 2.14 shows
the ZnTe crystal THz emission eﬃcacy compared with other materials. It presents the
relative performance of some emitters concerning the peak electric ﬁeld amplitudes,
the THz pulse energies and the energy conversion factors, as functions of the optical
pulse energy [52].
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Figure 2.14: The THz emission eﬃcacy of ZnTe compared with other
THz emitters. Plots of the maximum focused ﬁeld amplitude, the THz
pulse energy and Pulse energy conversion are shown as function of the
optical pulse energy [3].
2.4.2 Electro-Optic Sampling in Crystals
Like the already discussed PCA detectors, the EO sampling measures the electric ﬁeld
of THz pulses in time domain and determines accurately both the amplitude and
the phase. The EO sampling can be considered as an inverse process of the optical
rectiﬁcation. In EO sampling, the THz ﬁeld is measured by modulating an OPB inside
the EO crystal, where it changes the polarization ellipsoid of the refractive index of
the crystal. The linearly polarized OPB co-propagates inside the crystal with the THz
beam, and its phase is modulated by the refractive index change induced by the electric
ﬁeld of the THz pulse. The existence of the THz ﬁeld changes the birefringence of the
EO crystal, causing the refractive index diﬀerence for polarizations along diﬀerent axes
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of the crystal. The birefringence induced by the electric ﬁeld changes polarization of the
probe beam. This polarization change is converted to intensity change by an analyzer
(a Wollaston prism, for instance). A pair of balanced photodiodes is used to suppress
the common laser noise while the signal is doubled. For ZnTe, when an electric ﬁeld is
applied, its ellipsoid of the refractive index is
x2 + y2 + z2
n20
+ 2r41Exyz + 2r41Eyzx+ 2r41Ezxy = 1 (2.34)
where where n0 is refractive index of the crystal without electric ﬁeld, x, y, z are
coordinate units of the ellipsoid, r41 is EO coeﬃcient of the crystal, and Ex, Ey, Ez
are applied electric ﬁeld along corresponding axes, respectively. Due to the Pockells'
eﬀect, the OPB experiences a phase-retardation ∆φ in crossing the ZnTe EO crystal
with thickness d which is given by [53]:
∆φ =
2pi
λ
dn3optr41ETHz (2.35)
The detection process is based on Pockells' eﬀect existing in those crystals. Figure
2.15 presents a diagram illustrating a set-up for EO-sampling of THz pulses. Here, in
the absence of THz ﬁeld the optical probe beam (OPB) remains unaﬀected by the EO
crystal and leaves it with horizontal polarization. It becomes circularly polarized after
having passed through the λ/4− plate. The wollaston prism directs the two ortogonal
components of the circularly polarized OPB to the two balanced photodiodes (BPD)
with the same intensity, and the diﬀerential signal is zero. However, in the presence
of THz ﬁeld, the birefringence induced by the THz ﬁeld in the EO crystal causes
polarization change on the linearly polarized OPB. It becomes elliptically polarized.
Then, the Wollaston prism (WP) splits the OPB into two orthogonal polarization
components (y− and z − components), which are directed to a balanced photodiodes
diﬀerential detector (BPD-DD) connected to the diﬀerential of a Lock-in ampliﬁer,
where the intensity diﬀerence, ∆I = Ix− Iy, of the two OPB components is measured.
The obtained value is proportional to the applied THz ﬁeld amplitude.
The two intensities which are directed to de BPD-DD by the WP are given by:
Ix ≈ I0
2
(1− sin ∆φ) ≈ I0
2
(1−∆φ)
Iy ≈ I0
2
(1 + sin ∆φ) ≈ I0
2
(1 + ∆φ)
(2.36)
where I0 is the intensity of the incoming OPB and ∆φ is considered to small (∆φ 1)
a valid approximation for the majority of EO-samplings.
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Figure 2.15: Experimental setup for detection of THz pulses in an
EO crystal. The THz electric ﬁeld induces a birefringence in the
ZnTe crystal. An indium-tin oxide beam-splitter (ITO-BS) directs
the THz and probe beam collinearly through the EO detector. Then
a Wollaston prism (WP) directs the beams with two orthogonal
polarizations to a balanced photodiodes diﬀerential detector (BPD-
DD).
Figure 2.16 shows the geometry for optical and THz polarizations in the case of EO
sampling using a ZnTe crystal. Both THz and optical beams are collinear at the
entrance of the EO-crystal and the birefringence induced by the ﬁeld is maximal when
the two polarizations (THz and optical) are parallel to the
[
110
]
axis of the 〈110〉 −
oriented ZnTe crystal.
From equations (??) and (2.36) the current of the balanced photodiodes' diﬀerential
detector IBPD is:
IBPD = Iy − Ix = I0∆φ = 2pidI0
λ
n30r41ETHz ∝ ETHz (2.37)
In practical experiments, there are three factors limiting the spectral/temporal resolu-
tion of EO-sampling: (a) the ﬁnite pulse duration (τs ) of the OPB, (b) the dispersion
of the non-linear susceptibility and (c) the mismatch between the optical group velocity
υg(opt) and the THz phase velocity υph(THz). These factors are included in the detector's
response function F (ω, ωTHz). The time-resolved EO signal can be described as the
inverse Fourier transform of the product of the THz pulse complex spectral amplitude
ETHz(ωTHz) and F (ω, ωTHz) :
EEOS(t) =
∞∫
−∞
ETHz(ωTHz)F (ω, ωTHz)e
−iωTHztdωTHz (2.38)
This integral is equivalent to a convolution in time domain [54].
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Figure 2.16: The geometry of the polarization and the crystal
orientation for the THz pulse detection with ZnTe crystal. Both
optical and THz ﬁelds enter the crystal collinearly and with horizontal
linear polarization.
Table 2.3: Electro-Optic coeﬃcients of some commonly used THz
emitters and detectors
Material Structure Point Group
Symetry
Electro-Optic
Coeﬃcient (pm/V )
ZnTe Zincblende 43m r41 = 3.9
GaP Zincblende 43m r41 = 0.97
GaSe Hexagonal 62m r41 = 14.4
Table 2.3 presents the linear electro-optic coeﬃcients of some commonly used crystals
for non-linear optical generation and detection of THz radiation. The three crystals
are unaxial, therefore, crystals with one axis of rotational symetry only (the optical
axis of the crystal or c-axis). Table 2.4 presents material used for THz generation by
optical rectiﬁcation [40] and Table 2.5 presentes a comparison of two THz generation
techniques , by PCA and optical rectiﬁcation in nonlinear crystals in terms of generation
eﬃciency, bandwidth and spectral quality.
2.4.3 The Terahertz Optics
The manipulation of THz radiation (reﬂection, collimation and focusing) is performed
using THz optical components. For an eﬃcient THz-TDS system, the optics must
produce diﬀraction-limited focal point at the sample with the minimum absorption.
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Table 2.4: Materials used for THz generation by optical rectiﬁcation
Semiconductors Inorganic
Electro-Optic
Crystals
Organic Electro-Optic
Crystal
GaAs LiNbO3 4-N-methylstilbazolium (DAST)
InP LiTaO3 N-benzyl-2-methyl-4-nitroaniline
(BNA)
CdTe (-)-2-(α-methylbenzyl-amino-5-
nitropiridine
(MBANP)
InAs Electro-Optic Polymers
InSb
GaP
ZnTe
ZnCdTe
GaSe
Table 2.5: THz Generation: Comparison between PCA and Optical
Rectiﬁcation
Eﬃciency Bandwidth Spectral
quality
Photoconductive
Aantennas
Although
high it is
limited to low
intensities
Restricted by
carriers'
recombination time
and material
absorption, typically
∼ 3THz
Good
Optical
Rectiﬁcation
Is dependent
on pump
intensity
Broad (∼ 100THz)
and strongly
dependent on
phase-matching and
material absorption
Strongly
dependent on
bandwidth
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In order to process equally the large spectral bandwidth of THz emitters, the optical
system must be achromatic with ﬂat response over the frequency range of the pulses.
Substrate Lens
In PCAs, substrate lenses are usually used in order to improve the coupling eﬃciency
of the THz radiation into the free space. The Laboratory's THz-setup at the Vilnius
Institute of Semiconductor Physics (ISP), where the experiments have been held,
a high-resistivity (>10kW-cm) hyperhemispherical substrate silicon (Si) lens is used.
Attached onto the GaAs substrate, it minimizes the reﬂections at the substrate-lens
interface because the refractive index of the silicon closely matches that of GaAs
substrate at THz frequencies. Alternatively to the hyperhemispherical lens a so called
collimating lens is also used, although with some disadvantages, as we will see later.
The role of the Si lenses is to decrease the cone radiation of the antenna with the
minimum losses. All the rays coming out of the antenna, covering the half space in the
forward direction, should be concentrated in a smaller cone with minimum losses at the
interface lens-air. Figure (2.17) (a) shows the substrate and the lens with the indication
of antenna emission angle φ and the internal-incidence angle θ at the interface lens-air.
By geometrical considerations, the following relation can be written [55]:
(d−R) sinθ = Rsinθ (2.39)
where R is the radius of the lens and d is the distance of the point-like emitter to the
vertice of the spherical lens.
In the hyperhemispherical lens, the emitter is positioned such that no rays are trapped
by the internal reﬂections, while, in the collimating lens, the emitter is located at focus
of the lens.
To avoid total internal reﬂections of the THz radiation in the interface lens-air, the
angle θ must be equal to the critical angle θc when φ = pi/2. Using equation (2.39)
and the deﬁnition of critical angle,sinθc = 1/n, we get the following relationship:
(d−R) sinpi/2 = R sin θc (2.40)
therefore
d−R = R(1/n) (2.41)
The hyper-hemispherical lens is mounted in order to avoid total internal reﬂections
and, therefore, the emitter-to-lens-tip distance must be
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Figure 2.17: (a) Geometry of the lens over the PCA substrate,
showing the antenna emission angle φ and the internal-incidence angle
θ at the interface lens-air; R is the radius of the lens, d is the distance
from the point-like antenna to the tip of the lens; (b) geometry
of the hyper-hemispherical lens showing the distance dhyperdhyper
corresponding to the condition of absence of total internal reﬂection
at the interface lens-air.
dhyper = R
(
n+ 1
n
)
(2.42)
where n = 1.418 is the refractive index of the silicon, and dhyper = 1.29R. It is
important to remember that reﬂections at the substrate-lens interface are minimized
because of closely matched refractive indices (nSi and nGaAs).
To evaluate the divergence of the THz beam coming out of the hyper-hemispherical lens
we must calculate the image of the antenna point source. Applying the imaging formula
of a single spherical refractive surface, in the paraxial approximation, the position of
the source image is found at the left side of the lens at a distance from the lens tip
equal to L, where L is given by:
L = R (n+ 1) (2.43)
For silicon L = 4.4R.
With a hyper-hemispherical lens, all the forward directed THz-rays can escape the
substrate. The persisting problem is the beam divergence, which requires a further
focusing element such a lens or a mirror. This type of lenses is advantageous over the
other substrate lens design such as collimating hemispherical lens.
In the geometry of collimating hemispherical lens the emitter is at the focus of the
substrate lens and the rays emerge from the lens almost collimated. Applying the
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imaging formula of a single spherical refractive surface, in the paraxial approximation,
we get for the focal length
f = dcoll = R
(
n
n− 1
)
(2.44)
where dcoll is the distance from the emitter to the tip of the lens including the substrate
thickness (t), which implies that the eﬀective thickness of the hemisphere is
heff = dcoll − t (2.45)
For silicon dcoll = 1.41.
Oﬀ-Axis Parabolic Mirrors
The oﬀ-axis parabolic mirrors (OAPMs) are used to collimate, steer and focus the THz
beam after it leaves the lens' hemisphere of the substrate lens. They have the shapes
of paraboloid sections, as shown in Figure 2.18. For an eﬃcient collection of radiation
without signiﬁcant losses a good choice of F-number or nominal focal ratio
(F# = f/d where f is focal length and d is the entrance pupil diameter), of the mirror
is needed.
Off-axis distance  
Vortex 
Focal length (f) 
Axis 
Metalic reflecting 
coating 
Focus 
1L
2L
D
D, diameter;  
L1 and L2, thickness 
Figure 2.18: Sketch of an oﬀ-axis parabolic mirror.
The shape of the surface is calculated by the following expression
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Table 2.6: Reﬂectivity of the usually used metals for coating OAPMs'
reﬂective surfaces
Metal Reﬂectivity
0.58 THz 2.55 THz
Silver (Ag) 0.996 0.995
Aluminium (Al) 0.995 0.994
Gold (Au) 0.994 0.994
Z = R2
/
4f (2.46)
where R is the radial distance from the vortex and f is the focal distance.
Their reﬂective surfaces are usually coated with metals whose reﬂectivity in the THz
frequency region is close to 99% (Table 2.6).
Compared with lenses and bulk materials, which have inherent Fresnel losses and no
negligible absorption, the metallic surfaces have minimal losses. The oﬀ-axis geometry
is somehow diﬃcult for beam alignment, because of its high sensitivity to astigmatism
and other collimation errors, so that high-precision alignment procedures are needed,
in practical applications, to get rid of them. The OAPMs work over a broad spectral
range without spectral aberration.
Since quasi-optical THz systems deal with diﬀraction-limited beams, the fact that the
OAPMs are free from spherical aberration, and that they can focus parallel beams to a
point, is of crucial importance for practical experimental applications. Diﬀraction and
limited reﬂections of the THz beam at the mirrors contribute to the reduction in the
THz power. To get rid of this problem, the number of mirrors must be reduced, and the
distance emitter-detector also has to be reduced to quasi-near ﬁeld. In an experimental
set-up, if two OAPMs are placed in a way that the axes of the parent parabolas coincide,
the astigmatism is cancelled but, distortion is introduced. If the axes of the two OAPMs
are 1800 rotated relatively to their common optical axis, astigmatism of the two mirrors
takes the maximum value. So, there is one ideal arrangement of the OAPMs', where
the two OAPMs are placed such that their parent parabolas are with coincident axis
as depicted in the Figure 2.19.
Scanning Optical Delay Stage
It is known that in a TDTS system a femtosecond laser beam is split into two, the
pumping beam and the OPB. The two optical paths to the detector must be equal in
the set-up calibration. TDTS system requires a scanning optical delay line to introduce
a delay between the THz and the optical probe beams, in order to move the sampling
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OAPM OAPM 
THz beam 
Figure 2.19: Two OAPMs with coincident axes of the parent
parabolas.
gate across the THz signal to be sampled. Figure 2.20 shows a diagram illustrating
the sampling of a THz pulse by a femtosecond optical pulse. A retro-reﬂective mirror
system (Figure 2.21) was used in this work. It was mounted on a mechanical scanner
normally used for this kind of application.
The scanning system has the maximum speed of ∼ 50.8mm.s−1, a resolution of about
0.125µmand a repeatability of 5µm. The resolution of the THz spectrometer depends
upon the step size of the delay line movement. For imaging application, a scan as fast
as possible is required in order to increase the signal acquisition rate.
Nowadays typical point-by-point THz imaging process has a data acquisition rate of
20 pi.s−1 (pixels per second) corresponding to a scanning time of a few minutes per
image. The length of the time-delay line determines the frequency resolution.
Lock-in Ampliﬁer
Lock-in ampliﬁers (LIA) are used to detect and measure very small AC signals. The
signal to be measured is compared to a reference signal for both its frequency and
relative phase diﬀerence. The reference signal is provided by an optical chopper,
which interrupts the optical beam periodically. The reference signal and the signal
to be measured are combined to generate a diﬀerence and a sum frequency. Therefore,
the OPB is periodically interrupted by a chopper. The frequency of the modulation
provides the reference frequency, and the signals to be measured from the detector
must have the same frequency, νs = νref .
The input signals at the LIA's mixer are:
38 Theory and background
Nonlinear 
response 
THz signal  
to be measured 
Optical probe 
beam 
THz signal  
to be measured 
Figure 2.20: THz pulse sampling process. The THz signal is sampled
by delaying the optical pulse.
Pumping beam  
(800nm, 150 fs, 
150mW, 80MHz) 
Beam 
Splitter 
Femtosecond 
laser 
Delay line 
 (10-20 fs steps) 
Gating Optical Pulse 
Figure 2.21: Partial block diagram of a THz spectrometer highlight-
ing (the circled section with green dashed line) the optical delay line
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Acos (νst+ φ) andBcos (νref t) (2.47)
and the output signals are
ABcos (νst+ φ) cos (νref t) = AB/2cos [(νs + νref ) t+ φ] + AB/2cos [(νs − νref ) t+ φ]
(2.48)
Accurate measurements may be made even when the signal is small and masked by
background noises thousands of times larger. It is based on the technique known as
phase-sensitive detection that singles out the component of the signal at the reference
frequency and phase. Therefore, noise signals at a frequency other than the reference
are rejected and do not aﬀect the measurement (i.e., The phase diﬀerence between
reference and signal can be adjusted to zero, and the low pass ﬁlter eliminates the sum
frequency term and the resulting signal is DC). In this work a LIA was used to collect
the data from the THz detector. The LIA time constant τLIA = 1/2piνﬁlwhere νﬁl is
the −3dB frequency of the LIA's single ﬁlter only, and the optical delay time speed
(oﬀ/on) must be carefully chosen in order the TDTS system accurately couple the entire
pulse, maximizing the SNR and minimizing the total scan time. The data collection
rate and the optical delay line have to be synchronized to control the bandwidth (B )
and frequency resolution (∆ν ) of the system. The bandwidth is given by
B =
1
2∆t
(2.49)
where ∆t is the time step between data points collected along the THz pulse, and the
frequency resolution ∆ν is given by
∆ν =
1
2∆tN
=
1
2T
(2.50)
where N is the total number of data points and T the total time of the scanned pulse.
2.4.4 Summary
In this chapter, the two most commonly used techniques (PCAs and optical rectiﬁca-
tion) and the physical principles of generation and detection of THz pulses have been
broadly discussed. The mechanisms of photocarriers' generation and the consequent
THz pulse generation, as well as a brief description of the method of detection by
TL-GaAs PCA used in this work are revised. A commonly used technique for the
generation and detection of THz pulses that has not been used in this work was also
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discussed. Attention has been paid to the diﬀerences of both THz generation and
detection techniques such as biased semiconductor pump versus nonlinear crystal pump
(in generation); the gated PCA detection versus EO sampling; the need of a current
pre-ampliﬁcation in PCA versus the straight connection to the LIA in EO sampling (in
detection). Finally, in the last section, the important part od THz beam manipulation
in experimental geometries is thoroughly described.
Chapter3
Time-domain Terahertz Spectroscopy
3.1 Introduction
In time-domain THz spectroscopy (TDTS), a sub-picoseconds THz pulse (called the
signal) is transmitted through or reﬂected by a sample and its time-domain proﬁle is
compared to a reference pulse without the sample (called the reference). The THz
electric ﬁeld is directly measured as a function of time and the frequency spectra
of both signal and reference are obtained by numerical Fourier transformation. The
analysis of the spectra yields the spectroscopic information of the sample material
under study. Since the measurements are made on electric ﬁeld instead of intensity,
both amplitude and phase are determined, making possible, at once, the extraction
of the sample frequency-dependent optical constants such as the absorption coeﬃcient
and the refractive index along the pulse's frequency envelop. This is an advantage
compared to the well-established Fourier transform spectroscopy (FTS) which is based
on the power detection with recourse to Kramers-Kronig data analysis, with all the
uncertainties associated with it.
A TDTS is a pump-probe-like technique since the signal and reference are measured
by sampling using a delayed probe optical pulse, taking the form of a time trace with
subpicosecond resolution. Due to the coherent gated detection used in TDTS (the de-
tector is kept offofduring the time between two detection events avoiding the thermal
background radiation noise), it is possible to operate at room temperature. The signal-
to-noise ratio (SNR) is much higher than that of FTS. The Coherent-gated detection
gives a noise equivalent power of ∼ 10−16W/√Hz, which is six orders of magnitude
better than the pyro-detectors, normally used in Fourier transform spectrometers.
Since THz pulses used in TDTS have very low peak powers in comparison with op-
tical pulses, nonlinearities are normally neglected, so that the treatment of the THz
propagation is made on the bases of linear dispersion theory. Care must be taken with
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THz Frequency Region 
Figure 3.1: Atmospheric absorption spectrum. The THz radiation
is heavily absorbed by the atmosphere, specially by water vapor
contained in it [4].
the strong absorption of atmosphere water vapor (Figure3.1) along the beam path. In
some experiments, the set-up is enclosed in a box ﬁlled with dry nitrogen (N2).
3.2 Time-Domain Terahertz Spectroscopy in
Reﬂection geometry: Data Analysis
The optical parameters of a sample may be evaluated using reﬂection or transmission.
The refractive index n and the absorption coeﬃcient α of a strongly absorbing material,
such as biological tissues, cannot be measured in a transmission experiment if the
amplitude of the transmitted terahertz signal is not much larger than the detection
limit. However, a reﬂection geometry (Figure 3.2) can be used to overcome this
limitation.
The absorption coeﬃcient and the refractive index are extracted using the following
expression [ [56].
Es(ω)
Eref
=
ta,prp,s
tp,a
(ω)exp
[
i
4pinplν
c
]
(3.1)
whereEs(ω) is the measured electric ﬁeld of the pulse reﬂected at the interface polyethylene-
sample; Eref is the measured electric ﬁeld of the pulse at the front surface (air-
polyethylene) of the sample holder polyethylene; rp,s is the complex reﬂection coeﬃcient
for the polyethylene/silicon-sample interface to be calculated, ta,p and tp,a, are the
known transmission coeﬃcients for air-polyethylene and polyethylene-air interfaces.
Since the absorptions of the air and polyethylene are negligible, the above transmission
coeﬃcients are assumed to be real; the np is the known refractive index of the medium
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Figure 3.2: Diagram for TDTS reﬂection geometry. The biological
tissue is sandwiched by two sheets/windows of a high density polyethy-
lene with a thickness of <2mm. The reﬂections from the front and
the backside of the window are the reference and the sample signal,
respectively.
used as reference (polyethylene), and l is the eﬀective thickness of the polyethylene
sheet which can be calculated from:
l = dp/cosφ (3.2)
where dp is the thickness of the sample holder window and, φ is the reﬂection angle on
the back side of the window (in contact with the sample). The known and measured
quantities in equation (3.1) allow the determination of rp,s, that can be written in its
complex form:
rp,s(ω) = A exp (iθ) (3.3)
where A is the amplitude and θ the phase.
Lets now consider the case of normal incidence, where the reﬂection and transmission
coeﬃcients have simpler forms. Then, the complex reﬂection coeﬃcient becomes:
rp,s(ω) =
np − n˜(ω)
np + n˜(ω)
(3.4)
where n˜(ω) = ns(ω)+ iαs(ω)c/4piν is the complex refractive index of the sample; ns(ω)
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is the real part of n˜(ω); αs(ω) is the absorption coeﬃcient; c, the velocity of light in
vacuum, and ν, the frequency of THz radiation.
Substituting equation 3.3 in equation 3.4, we obtain to the sample index of refraction
ns(ω) =
np (1− A2)
1 + A2 + 2A cos θ
(3.5)
and to the absorption coeﬃcient:
αs(ω) =
4pinsv
c
−2A sin θ
1 + A2 + 2A cos θ
(3.6)
In the reﬂection conﬁguration the extraction of these frequency-dependent parameters
is a bit more complicated than in transmission conﬁguration, as we will see later.
Similarly to the transmission, both reference and sample signals are recorded. However,
apart from a temporal shift of the sample and the reference pulse due to the reference
polyethylene window, an additional spatial shift occurs due to refraction and the
absorption data are contained within the phase information of the measurement, which
is sensitive to system artifacts. Additionally there is one more diﬃculty, arising as a
result of a polarization change due to reﬂection under a speciﬁc angle that causes the
reference and sample pulses to be diﬀerently polarized. This is relevant, since the
sensitivity of the detector is polarization-dependent.
3.3 Time-Domain Terahertz Spectroscopy in
Transmission Geometry
In this thesis work, the experimental measurements have been made by using TDTS
in transmission geometry as shown in Figure 3.3. A laser beam (800nm, 150fs, 200mW
and 80MHz) was split into a pump and a probe beam using a 70% beam splitter
(BS). The pump beam, with approximately 20mW is focused (∼ 25µm of beam spot
size) between the electrodes of a photoconductive GaAs emitter antenna (PCA). A
hemispherical high resistivity silicon lens is stuck onto the GaAs substrate; it has a
high refractive index (n = 3.43), and it favors the emitter eﬃciency by minimizing the
reﬂection losses and collimating the highly divergent THz beam.
As the THz signal is extremely weak in the order of > 10µW a current ampliﬁer
is needed. A lock-in ampliﬁer (LIA, SR-810 Stanford Research Systems) synchronized
with a chopper (optical mudulator) was also used to extract the signal from the thermal
background and to enhance the SNR. Due to the coherent and gated detection nature
of the TDTS technique, it was possible to measure the signals, masked by the thermal
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Figure 3.3: Experimental setup for transmission time-domain THz
spectroscopy (TTDS) measurements using photoconductive antennas
(PCAs) for generation and detection of THz pulses.
background noise. A computer controled delay-line, reads the LIA values at each
position and records the THz pulse waveforms.
Figure 3.4 shows a diagram of a system for data acquisition (DAQ). The signal is ﬁrstly
enhanced by a low-noise current ampliﬁer ( in case the THz detection is by a PCA)
and then sent to the LIA which detects the signal at reference frequency. But, if the
detection is by EO sampling the photodiodes are directly connected to a diﬀerential
input of the LIA. A delay stage with dc-motor actuator, driven by a motion controller,
moves a set of mirrors either continuously or stepwise with adjustable waiting time
between steps. The mechanical precision of the movement is ∼ 0.1µm corresponding
to time shift of ∼ 0.66 fs. In TDT spectrometer three parameters are of interest: the
delay stage waiting time (tdelay ); the LIA's time constant, the integration time (tLIA );
and the frequency of the chopper (νchopper ). For a higher SNR and narrower ampliﬁer
bandwidth noise, longer tLIA is needed.
3.4 Time-Domain Terahertz Spectroscopy in
Transmission geometry: Data Analysis
For TDTS measurements the following assumptions are considered: (a) the sample
under measurement is a homogeneous dielectric slab with parallel and ﬂat surfaces,
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Figure 3.4: Data acquisition system (DAQ) diagram for PCA
detection. If the detection is based on photodiodes (EOS), the current
ampliﬁer is eliminated and the photodiodes are connected directly to
the diﬀerential input of the LIA.
where the scattering of THz rays is negligible; (b) the incident angle of the THz beam is
normal to the sample surfaces; (c) the transverse dimension of the sample is larger than
the incident beam waist, so there is no diﬀraction; (d) the reference signal is measured
under the same conditions as the sample signal; (e) the resolution of the measuring
apparatus is suﬃciently high so that the quantization error is negligible, unless stated
otherwise; (f) the measuring instruments are well-calibrated and (g) there is no human
error in the measurements.
The determination of frequency-dependent optical constants of a sample using TDTS
comprehends several steps, as illustrated in Figure 3.5 and Figure 3.6.
Since the quantity provided by a TDTS measurement is a time-domain signal, then
a physical model is required to relate the measured signal to the optical properties of
the sample. Normally the waveforms of the THz pulses have very narrow time-widths
(∼ 0.25ps).
As already stated, two pulses are recorded in TDTS: one with an empty sample holder;
the other with the sample in the holder. In TDTS measurements, the measured signal
is proportional to the electric ﬁeld of the THz pulse ETHz(t).
The pulse that propagates through the sample is called sample pulse Es(t); the pulse
that propagates through the reference medium (with known dielectric constants) is
called reference pulse Eref (t). Knowing the time evolution of those pulses, it is possible
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Figure 3.5: A diagram illustrating the experimental basics of TDTS.
The THz pulse propagates through (a) a reference medium (M) and
(b) the samples andwiched between two windows (not indicated in the
ﬁgure) of reference medium.
to get the information about the frequency-dependent dielectric constants (absorption
coeﬃcient and the refractive index) of the sample. Figure 3.5 presents a diagram
representation of a TDTS in transmission geometry. It can be noticed that the THz
signal propagates through the reference medium and through the sample as well, over
a distance d, the thickness of the sample. Lets now represent with M (assumed to be
constant) the value of the refractive index of the reference medium, which is transparent
at THz frequencies, i.e., quasi no-absorbing medium (α ≈ 0). The Fresnel amplitude
transmission coeﬃcients through the interfaces, reference medium  sample and, sample
 reference medium for normal incidence are:
tM,s =
2M
M + n˜(ω)
(3.7)
ts,M =
2n˜(ω)
M + n˜(ω)
(3.8)
where, n˜(ω) = ns(ω) − iκ(ω) is the complex refractive index of the sample. The real
part of this expression denotes the real refractive index of the sample and the imaginary
one is related with the absorption coeﬃcient.
Taking the Fourier transform of E(t) as:
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Figure 3.6: Transmission TDTS experiment. (a) Process of the
extraction of the real and imaginary refractive index from the sample,
(b) obtained time waveform and its Fourier transformation.
E(ω) =
1
2pi
+∞∫
−∞
e−iωtE(t)dt (3.9)
the Fourier transform of the THz signal transmitted through the sample can be written
as:
ES(ω) = Eo(ω)tM,sPhs(ω)ts,M (3.10)
where, E0(ω) is the THz electric ﬁeld shining on the ﬁrst interface reference medium-
sample; tM,s represents the transmission coeﬃcient of that interface;ts,M the trans-
mission coeﬃcient of the second interface sample- reference medium and Phs(ω) =
exp(−iφs(ω) represents the phase factor, where φs = κs(ω)d and κs(ω) is the wave
vector of the sample pulse. The phase factor represents the phase, gained when the
pulse propagates through the sample with thickness d.
The Fourier transform of the THz signal transmitted through the reference can be
written as:
Eref (ω) = E0(ω)φref (ω) = E0 exp
(
−iMωd
c
)
(3.11)
Compared with the equivalent expression for the sample signal in equation (3.10) we
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observe that the transmission coeﬃcients are absent since they are equal to unit. The
ratio of the two signals (Es(ω) and Eref (ω) ) gives the complex transmission of the
sample, T (ω), sometimes called transfer function. For normal incidence, using equation
(3.9) and equation (3.10), it can be written as:
T (ω) =
ES(ω)
Eref (ω)
=
4ns(ω)M
(ns(ω) +M)
2 exp
(
−iωd
c
(n˜(ω)−M)
)
(3.12)
The eﬀect of multiple reﬂections in the interfaces, reference medium - sample and
sample - reference medium (Fabry-Pérot eﬀect) as one of the TDTS measurement
error sources may be accounted for, by incorporating the factor FP (ω)as follows [ [57]:
T (ω) =
[
4ns(ω)M
(ns(ω) +M)
2 exp
(
−iωd
c
(n˜(ω)−M)
)]
FP (ω) (3.13)
where
FP (ω) =
1
M −
[
ns(ω)−M
ns(ω)+M
exp
(−2in˜(ω)ωd
c
)] (3.14)
This eﬀect will be however neglected in our analysis because our samples are thick
enough so that the Fabry-Pérot echo is considerably retarded, and therefore it is easily
discriminated from the main signal. Also, aware of some error sources beside the FPE
such as inhomogeneities in the thickness of the samples, mechanical positioning errors
in the samples' mounting and replacement with with identical samples during several
measurements etc., a special care was taken in order to get rid of them or to get them
to minimum negligible in the measurement results.
Our aim is to ﬁnd out the absorption coeﬃcient and the real refractive index of the
sample from the measurements of Es(ω) and Eref (ω). A relationship between them
has to be established.
The ratio between the sample and the reference signal can be written as
ES(ω)
Eref (ω)
= A(ω) exp (iϕ(ω)) (3.15)
or using the equation 3.12
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Es(ω)
Eref (ω)
= A(ω)exp(iφ(ω)) =
4ns(ω)M
(ns(ω) +M)
2 exp
(
−iωd
c
(ns(ω)−M)− ni(ω)ωd
c
)
=
4ns(ω)M
(ns(ω) +M)2
exp
(
−iωd
c
(ns(ω)−M
)
e−1/2αsd
(3.16)
where ni(ω) = αs(ω)c/4piν
Since in the experiments, polyethylene was used as a reference medium then, M = np,
where np represents the polyethylene refractive index. From equation (3.16) we can
write the following expressions for the refractive index and absorption coeﬃcient of the
sample:
ns(ω) =
cφ(ω)
ωd
+ np (3.17)
αs(ω) =
2
d
ln
(
4ns(ω)np
A(ω)(ns(ω) + np)
2
)
(3.18)
This procedure of the extraction of the material parameters cannot be used for an
optically thin sample in which the main pulse and the multiple reﬂections are super-
imposed. The multiple reﬂections are also recorded and cause Fabry-Pérot resonances
in the Fourier transformation of the terahertz signal. In addition, the relative error of
the measured thickness of a thin sample is typically large, which leads to a large error
in n and α.
3.4.1 Summary
In this chapter a brief discussion on methods for data analysis is presented. Although
the reﬂection geometry has not used in this work, a short approach into basic data
analysis formulation is presented. Being one of the instruments of outmost importance
for this work, the data analysis for transmission geometry was thoroughly revised and
the fundamental analytical expressions for refractive index and absorption coeﬃcient
extraction have been highlighted. To minimize error eﬀects during the TDTS measure-
ments and for sake of correct experimental data interpretation, a careful spectrometer
setup and samples' mounting schemes have been engineered.
Chapter4
Time-domain THz Spectroscopy and
Continuous-wave THz Imaging on Ex-vivo
Colon and Rectum Tissue
4.1 Time-Domain THz Spectroscopy on Ex-vivo
Colon and Rectum Tissue
In light of developments over the last several decades, the notion of TDTS, implies
generation and detection of THz pulses in a coherent manner using femtosecond laser
pulses. The terahertz frequency range is one of the last-to-be-studied ranges in the
whole scale from radio to X − rays. Eﬀective broadband, coherent THz emitters and
low-noise detectors became available only within the last few decades, mainly due to
the development of lasers with ultrashort pulse duration.
Several research groups have been working on THz cancer diagnosis based on spectral
detection of water [22, 58], since many cancerous tissues show higher hydration in
comparison to the healthy (normal) ones [59], a situation which is also known from
PET, NIR and MRI (magnetic resonance imaging) [6062]. Other groups have been
concentrated on the detection of cell structure modiﬁcations known to be associated
with cancer [20, 27]. It was found the high hydration of neoplastic tissues is not the
only factor contributing to the noticeable contrast on the THz absorption coeﬃcient,
refractive index spectra, and on the THz images. A number of works related with THz
imaging of biological tissues, ﬁxed with formalin and embedded in paraﬃn prior to the
experiments, have found that the contrast between cancer-aﬀected and the adjacent
normal tissue persisted, although lower than in freshly excised tissue [20]. Chercasova
et al [63], found absorption traces of tryptophan amino acid, proteins and trypsin in
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dried bio-material, a fact that conﬁrms the existence of factors contributing to the
contrast other than water. Recently, A. Pierangelo et al, characterized human colon
cancer ex-vivo using Mueller polarimetric imaging [64].
The presence of water in freshly excised tissues constitutes a great challenge since
the strong absorption of water is potentially masking the absorption spectra of other
contributing factors. Moreover, not expected sharp absorption peaks are expected to be
observed in biological tissues' spectra because the samples contain a complex mixture
of several molecules. For each molecule there are several chemical environments which
contribute to the smooth-shape of the spectral features of the biological tissues.
To study the eﬀect of water and other factors on the cancer contrast we decided to carry
out an investigation on formalin-ﬁxed tissues and paraﬃn embedded biological tissues.
In this study, we show that the transmission time-domain terahertz spectroscopy
(TDTS) and the complementary continuous wave terahertz imaging (CWTI), could
contribute for the detection of colorectal cancer in ex-vivo. This study could be an
intermediate step toward in-vivo detection of this type of cancer.
4.1.1 Hydration of cancer cells
It was found that a progressive increase in cell hydration, induced by successive genetic
or epigenetic changes, is the basic mechanism of multistep carcinogenesis, and also that
the degree of malignancy increases with the degree of cell hydration [65,66]. Moreover,
the enhancement of metabolic activity by increased cell hydration will increase the
ability of tumor cells to compete for nutrients with their normal counterparts. In-
creased cell hydration causes cancer by promoting cell division and oncogene expression,
by inactivating genes inducing cell diﬀerentiation and by preventing apoptosis. The
increased hydration of cancer cells accelerates their respiration rate  an eﬀect which
could play a major role tumor promotion and in the postulated mechanism of multi-step
carcinogenesis.
The colon and rectum are biological tissues with elevated fat content, which implies that
they have low water content. Consequently the contrast in THz measurements will be
lower than in muscle tissue. There is a need for more research and suitable theoretical
models in the THz techniques for cancer detection, as well as more experimental studies
[20] in order the THz techniques for cancer detection to be well established.
The high contrast between tumor and normal tissues based on the presence of water
can be useful for the implementation of THz diagnostic techniques for in-vivo or freshly
excised tissue. THz studies on dehydrated or dried biological tissues have also shown
good contrast (although lower than water) and, therefore, detection based on factors
diﬀerent from water can be also explored. Particularly, the distinguishable THz spectra
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Figure 4.1: Diagramma representating the causes, characteristics
and consequences of the tumor environment [59].
amongst the proteins indicate the potentiality of THz techniques for protein analysis
and cancer detection.
4.1.2 The tumor microenvironment
The tumor microenvironment is a complex system of many cells that participate in
tumor progression. The cells, vessels, and molecules, that surround a tumor, inﬂuence
the tumor cells, and the microenvironment can be changed by the tumor. The hypoxia
(low oxygen) and anoxia (complete lack of oxygen) and extracellular acidosis (low
extracellular pH) are the hallmarks of the metabolic environment in the tumors, (Figure
4.1), [59]. Both oxygen tension (pO2) and pH are the utmost determinants on
tumor growth, metabolism, and several therapeutic modalities such as radiotherapy,
photodynamic, chemotherapy, etc.
Components of the microenvironment
The components of the microenvironment can be grouped into four categories: cancer
cells, non-cancer cells, secreted soluble factors, non-cellular solid material, including
the extra-cellular matrix.
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4.1.3 Diﬀerent types of tumors
Carcinomas result from altered epithelial cells, which cover the surface of our skin
and internal organs. Most cancers are carcinomas. Sarcomas result from changes in
muscle, bone, fat, or connective tissue. Leukemia results from malignant white blood
cells. Lymphoma is a cancer of the lymphatic system cells that derive from bone
marrow. Myelomas are cancers of specialized white blood cells that make antibodies.
4.1.4 Angiogenesis
Although tumor cells are no longer dependent on the control mechanisms that govern
normal cells, they still require nutrients and oxygen in order to grow. All living tissues
are amply supplied with capillary vessels, which bring nutrients and oxygen to every
cell. As tumors enlarge, the cells in the center no longer receive nutrients from the
normal blood vessels. To provide a blood supply for all the cells in the tumor, it must
form new blood vessels to supply the cells in the center with nutrients and oxygen.
In a process called angiogenesis [67], tumor cells make growth factors which induce
formation of new capillary blood vessels (Figure 4.2). The cells of the blood vessels
that divide to make new capillary vessels are inactive in normal tissue; however, tumors
make angiogenic factors, which activate these blood vessel cells to divide. Without the
additional blood supplied by angiogenesis, tumors can grow no larger than about half
a millimeter and tumor cells also cannot spread, or metastasize to new tissues.
4.1.5 The Structure of the Gastrointestinal Tract
The intestine (bowel) is part of the digestive system - a tube that begins at mouth,
forms stomach, small intestine, the large bowel (colon and rectum) and ends with the
anus, see (Figure 4.3). The colon and rectum are located in this gastrointestinal tract
(GIT) system. It is made-up of two main parts, the colon and the rectum, which are
the lower part of the digestive tract measuring about 80 to 100 cm and 12 to 15 cm
respectively. The colon absorbs large amount of water and salts from broken-down food
and the rectum stores the waste material until it is removed from our body through
the anus.
Colon and rectum cancers are those cancers which start in the colon and in the rectum
respectively. Since they have many features in common, they are very often called with
a unique name of colorectal cancer. The colon and the rectum cancers develop slowly
along several years. Before cancer development, a growth of tissue or benign tumor
normally starts as a non-cancerous polyp (non cancerous tumor) on the inner colon or
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Figure 4.2: Tumor-induced angiogenesis [10]
Figure 4.3: Gastrointestinal tract system. The parts within red
circles are the targets of the present study [11]
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(a) (b) 
Figure 4.4: (a) Normal colon tissue and, (b) colon adenocarcinoma,
which may progress slowly without showing any symptoms up to 5
years.
Table 4.1: Types of GI carcinomas
Carcinoma Description
Adenocarcinoma
Almost 95% of cancers of colon and rectum are
adenocarcinomas. They begin in cells which forms
glands that make mucus that lubricates the colon or
rectum tube.
Carcinoid tumors
They start from specialized hormone-producing cells
of the intestine.
Gastrointestinal
stromal tumors
They start from specialized cells in the wall of the
colon (intestine cells of Cajal).
Lymphomas
They start in lymph nodes, but may also start in the
colon, rectum or other organ. Lymphomas are
immune system cells' cancers.
rectum epithelium, (Figure 4.4). With the time it becomes an adenomatous polyps or
adenomas that are polyps potentially transiting into cancer stage.
4.1.6 Types of cancer of colon and rectum
The types of cancer can be classiﬁed according to the type of biological tissue or body
region they have started. A classiﬁcation of the types of colorectal cancers is presented
in Table 4.1. And in the Table 4.2, a list of brief deﬁnitions on colorectal cancers is
presented.
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Table 4.2: Brief deﬁnition of terms on colorectal cancer
Carcinoma
A type of cancerous, or malignant tumor originating
in a glandular (tubular) structure
Polyp
A benign tumor found in the colon. Polyps can
become cancerous.
Malignant tumor Cancerous and capable of spreading
Invasive,
Inﬁltrating tumor
Capable of spreading to other parts of the body
Lymphatic Relating to lymph glands (lymph nodes).
Colon
The section of the large intestine leading to the
rectum
4.1.7 Layers of the colon and rectum wall
The colon and rectum tract are sections of the large intestine, a tube-like structure
characterized by a wall consisting of layers such as mucosa (the inner lining layer),
muscularis mucosa (a thin muscle layer outer limit of the mucosa), submucosa (the
ﬁbrous tissue beneath the muscularis), muscularis propria (a thick muscular layer),
and subserosa and serosa (the outmost layer of connective tissue covering most of
the colon but, not the rectum), (Figure 4.5). The colon and rectum cancer starts in
the innermost layer and grows through some or all of the outer layers and sometimes
outward through the wall spreading to adjacent structures and the regional lymph
nodes as can be seen in Figure 4.6.
4.1.8 Experimental Set-up and Sample Preparation
Experimental Set-up
Our measurements have been made using a broadband bench-top time-domain tera-
hertz spectrometer system [68], where both the emitter and detector are PCAs. The
set-up uses a pair of of-axis parabolic mirrors (OAPMs): one focus the THz beam in
the samples and the other to collect the transmitted beam. The emitter is pumped by
150 fs pulses of a Ti:sapphire laser with a repetition rate of 80MHz. The system (see
Figure 3.3) generates electromagnetic pulses of broadband THz radiation ranging from
∼ 0.23 up to 3 THz with a spectral resolution of <15GHz. A photoconductive coherent
detection allows the measurement of both amplitude and phase of the transient electric
ﬁeld. Using attached LabView-based software, it was possible to extract the frequency-
dependent refractive index and the absorption coeﬃcient.
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Figure 4.5: A section of colorectal layered wall [11].
Figure 4.6: A longitudinally colorectal section indicating the stages
of evolution of cancer: Stage 0, early cancer phase, found in the
innermost lining layer of the colon or rectum; stage I, where the cancer
has invaded more of the inner wall; stage II, where the cancer has
spread outside the colon or rectum to nearby tissue; stage III, where
the cancer has spread to lymph nodes but not to other parts of the
body; stage IV, where the cancer has spread to other parts of the
body [11].
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Table 4.3: Main EKSPLA PCAs speciﬁcation
Measure Maximum
permissible
Illuminated Emitter
Resistance
8MΩ
Illuminated Detector
Resistance
0.8MΩ
Pump Laser-Beam
Power
125mW
Probe Laser-Beam
Power
50mW
Power Supply Voltage 50V
Technical Implementation
The main challenge of the THz imaging and spectroscopy set-up is the alignment of
the optical and THz beams. The optical beam has to be aligned with the emitter, the
detector and all other optical components. The THz beam has to be aligned through
the optical system including the OAPMs in order to maximize the quality of the THz
signal reaching the detector. The mounting and alignment of the sample holder ﬁxed
to an arm-like post is also challenging.
The output shape of the THz pulse is sensitive to the position and alignment of
the optical pump and the probe beam as well as the THz optics. The pump and
probe beams sent to the emitter and the detector, respectively, have to be thoroughly
monitored in order not to exceed their speciﬁcations (Table 4.3). Figure 4.7 shows the
laboratory implementation of the schematic of the Figure 3.3.
4.1.9 Experimental data analysis
The transmitted THz electric ﬁeld pulses were measured by a detector and Fourier
transformed through a numerical operation. Considering normal incidence and ne-
glecting multiple reﬂections in the interfaces, the complex transmission spectra for
the reference (polyethylene sandwich containing polyet), Eref (ω), and for the signal
(polyethylene sandwich containing the sample), Es(ω), can be expressed as [69]:
Eref (ω) = Ein (ω) ta,ptp.a exp (ikp) (4.1)
Es (ω) = Ein (ω) ta,ptp,atp,sts,p exp
(
−αs(ω)d
2
)
exp (iκs(ω)d) (4.2)
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fs laser 
Emitter 
Sample 
Detector 
Figure 4.7: The bench-top TDTS set-up used in this work. The
lower part of the picture shows the sample position.
where Ein(ω) is the spectrum of the incident pulse, kp = 2pinp/λ0 and ks = 2pins(ω)/λ0
are the amplitudes of the wave vector for the polyethylene and the tissue, respectively,
λ0 is the wavelength of THz radiation, ns(ω) is the real average refractive index of the
tissue, d is the tissue thickness, αs(ω) is the tissue absorption coeﬃcient and, tp,a =
2np/(1 + np), ta,p = 2/(1 + np), tp,s = 2np/(np + ns(ω)), ts,p = 2ns(ω)/(np + ns(ω))
are the Fresnel transmission coeﬃcients of THz pulses for normal incidence, where the
subscripts p refers to polyethylene, and s to tissue.
From the ratio Es(ω)/Ep(ω) = A (ω) exp [iϕ (ω)], the index of refraction and the
absorption coeﬃcient can be calculated through the equations 3.17 and 3.18.
In the process of extraction of the optical frequency-dependent constants of materials,
the dynamic range (DR) of a TDTS is also taken in account. Due to the typical single-
cycle regime of the THz pulse, the spectral amplitude is strong at low frequencies, and
normally a characteristic gradual roll-oﬀ occurs at high frequencies until the detected
THz signal approaches the noise level at the experiment (Figure 4.8b).
The DR of a TDTS set-up is deﬁned as the signal above the noise level of the spectrum.
It is determined by the Fourier transformation of the measured temporal waveform (i.e.,
the spectrum of the THz radiation extracted from its time-waveform in the scanning
period, 0−T ) above the noise level. The noise N includes the noise due to ﬂuctuations
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Figure 4.8: A THz pulse transmitted through the paraﬃn-embedded
sample (S1p) measured in this work and the corresponding spectrum.
In (b) the horizontal dot line represents the noise ﬂoor.
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in the THz ﬁeld, NTHz(t) = R(t) · ETHz(t), where R(t) is a dimensionless random
ratio, and the background noise from the detection of the THz. The background noise
includes the optical probe-beam shot noise NOPB(t) in the detector which is propor-
tional to the recorded current, and all noises in the detector gathered together, such
as Johnson noise, ampliﬁcation noise, thermal noise, the zero-THz-ﬁeld photocurrent,
etc.
Analytically the DR can be given by [ [70].
DR(ω) =
k(ω)√
δt
2pi
(
κ
S
)2
+ Tδt
2pi
1
D2
(4.3)
where k(ω) = E(ω)/ATHz with ATHz representing the maximum amplitude of the THz
ﬁeld in time-domain, is a factor dependent upon the actual waveform, δt is the temporal
intervals at which the temporal waveform of the THz pulse is sampled, S = 1/σR, is the
temporal measurement signal-to-noise ratio (SNR), T is the sampling range, D = A/sB
where A represents the maximum amplitude of the THz ﬁeld in time-domain is the
temporal dynamic range, and
κ = A−1
√√√√√ ∞∫
−∞
|E(t)|2dt (4.4)
Actually, the DR limits the maximum magnitude of the absorption coeﬃcient that
could be observed along the higher frequencies. The eﬀect of the DR may wrongly be
perceived as an absorption peak in samples whose absorption increases toward high
frequencies and begins rolling-oﬀ resembling a signal peak.
Figures 4.8a and 4.8b show a THz pulse and the corresponding frequency spectrum
normalized to the noise level. This normalized spectrum is normally considered as a
good measure of the frequency-dependent DR(ω) of the correspondent experiment.
From equation 3.18 it can be found that the maximum absorption coeﬃcient, αmax(ω)
which can be measured reliably with a given DR(ω) corresponds to the situation where
the sample signal is attenuated to a level approaching the noise level and can be given
by [71], (i.e., the maximum of absorption coeﬃcient data reliable can be obtained only
in the range within the DR(ω) of the experiment:
αmax(ω)d = 2 ln
(
DR(ω)
4ns(ω)
(ns(ω) + 1)
2
)
(4.5)
Values of α(ω) larger than αmax(ω) cause the detector saturation and therefore can't
be measured.
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4.1.10 Sample Preparation
Formalin Fixation and its eﬀect on biological tissue
Chemical ﬁxatives are used to preserve tissues for routine histopathological examination
and the ﬁxed samples maintain the structure of the cells including the sub-cellular com-
ponents such as cell organelles such as nucleus, endoplasmic reticulum, mitochondria.
They do that by irreversibly cross-linking proteins. In the case of formaldehyde, the
main action of these aldehyde ﬁxatives is the cross-linking of amino groups in proteins
through the formation of CH2 (methylene) linkage. The most recommended ﬁxative is
a 10% neutral buﬀered formalin solution [72].
It is known that the biological tissue, mainly the skeletal muscle cell structure, contents
water at high percentage, around 75 to 80% [73]. Embedding biological tissue in forma-
lin, water is being replaced by gel-like rigid compound, reducing both the absorption
coeﬃcient and the refractive index. Since the adipose tissue contains less water than
the muscle, the diﬀerences in the THz properties of this tissue typology will be very
noticeable.
Frozen section ﬁxation was the method used for the histological examination of the
ﬁrst set of colonic and rectal tissue of the present study. It is a rapid way to ﬁx and
mount histology sections. It allows rapid determination of tumor margins assuring that
the tumor has been completely removed during the surgery.
Biological tissue has little inherent contrast in optical and electron microscopes. Stain-
ing is employed to give contrast to the tissue and to highlight particular features of
interest (aﬀected regions) [74] as shown in Figure 4.9.
The frozen tissue-samples, taken from a cryostat, have been sliced using a microtome,
mounted on a thin glass slide and stained using the standard procedures. After histo-
logical observation of these thin samples, it was possible to demarcate the cancerous
and health bulk regions of the thick sample for further THz studies (Figure 4.9).
Staining by Frozen Section Fixation Method
Biological tissue has little inherent contrast in either the light or electron microscope.
Staining was employed to give both the contrast to the tissue as well as highlighting
particular features of interest (demarcation of aﬀected regions).
Paraﬃn Embedding of the Tissues
The aim of this type of tissue processing is to remove water from tissues and replace
with a medium that solidiﬁes to allow thin sections to be cut. Biological tissue must
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(b) (a) 
Figure 4.9: Staining and ﬁxative process of colonic sample containing
cancer diseased regions. (a) thin stained slice cut from a main
specimen for demarcation of health (normal) and cancer diseased
regions, (b) formalin ﬁxed specimen for THz studies.
be supported in a hard matrix to allow suﬃciently thin sections to be cut. For light
microscopy, paraﬃn is the most frequently used. Samples are transferred through baths
of progressively more concentrated ethanol to remove the water [72]. Formalin-ﬁxed
and paraﬃn-embedded tissues may be stored indeﬁnitely at room temperature. Nucleic
acids (DNA and RNA) may be recovered from them decades after ﬁxation, making this
tissue an important resource for historical studies in medicine [75].
Procedures of the Experiments
For our experiments, two sets of samples have been measured. The ﬁrst set consists of
two tissue typologies: colonic and rectal; both with normal and cancer aﬀected regions
(Figure 4.10). The second set consists of four samples: 1 normal colon tissue, and 3
colon tissue with normal and adenocarcinoma aﬀected regions all of the 4 tissues
have been ﬁxed in formalin (Sif , i = 1, 2, 3, 4) (Figure 4.11) and embedded in paraﬃn
(Sip, i = 1, 2, 3, 4) (Figure 4.12).
The samples have the same thickness (with a point by point variation less than 5%), un-
less otherwise stated, and they have been measured at the same environment conditions.
Measurements have shown that paraﬃn has the same refractive index as polyethylene,
np = 1.50 [76], for the complete range of the working frequencies, 0.23-1.25 THz.
The normal and cancer aﬀected zones in each sample have been previously identiﬁed
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Figure 4.10: Colon and rectum tissues, with normal and cancer
aﬀected zones, that have been measured by TDTS.
Colon3 
Colon 2 Colon 1 
Colon4 
Figure 4.11: Formalin ﬁxed colon tissue samples that have been
measured by TDTS. The sample (Colon 1) comes from a normal tissue
and the samples (Colon 2,3 and 4) content normal and cancer aﬀected
zones. The inset images are the stained slides used for histological
examination.
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Colon 2 Colon 1 
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Figure 4.12: Paraﬃn embedded colon tissues that have been
measured by TDTS. The colon tissue (Colon 1) is normal and, the
tissues (Colon 2, 3 and 4) content normal and cancer aﬀected zones.
The eﬀect of distortion and shrinkage of paraﬃn embedding process
can be noticed in the images.
by histological examination through the stained slides (Figure 4.11). Measurements
using TDTS have been performed in randomly chosen spots on the samples at room
temperature. Before starting the measurements, the sample tissues have been sand-
wiched between two 50× 30mm polyethylene plates of 2 mm thickness separated with
a polyethylene spacer of variable thickness according to the thickness of measured
sample, as shown in Figure 4.13. Both plates were slightly pressed onto the tissue in
order to get rid of air gaps. Figures 4.13 and 4.14, are showing the process of sample
mounting for the TDTS measurements.
4.2 Terahertz Imaging on Ex-Vivo Colon and
Rectum Tissue
There are two types of THz imaging systems: continuous and pulsed. In this section
continuous-wave THz imaging (CWTI) set-up is discussed, since the THz pulsed imag-
ing (TPI) set-up has been the object of previous chapters. Some characteristics of THz
imaging are also reviewed; the closing section is a detailed description of the imaging
procedures of biological samples studied in this work.
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Figure 4.13: Schematic of the polyethylene sample holder. Two
rectangular polyethylene thin sheets (2 mm thick), separated by a ring-
like polyethylene spacer form a cell. The depth of the cell corresponds
to the spacer's thickness. The specimen to be measured was dropped
into the cell, and pressed with 4 screws in the cell corners, as can be
seen in the Figure 4.14.
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Figure 4.14: Schematic of the polyethylene holder cell, containing
the bio-specimen to be measured by TTDTS.
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Figure 4.15: Typical TPI set-up
4.2.1 Terahertz pulsed imaging
Before going to the CWTI, let us brieﬂy introduce the TPI. Non-linear methods or
PCAs combined with ultrashort optical pulses are normally used for TPI. Here the
generated THz pulses are passed through the studied sample and are detected afterward
in time-domain. Figure 4.15 illustrates a typical TPI set-up.
In this THz imaging method the sample's image is obtained through the analysis
of the changes in the amplitude A(x, y) and phase φ(x, y) of the transmitted THz
pulses. These changes map out the spatial variations (i.e., thickness, d(x, y), absorption
coeﬃcient, α(x, y), and refractive index n(x, y)) of the sample. For the analysis of TPI
data several approaches can be used in temporal and frequency domains. For the
construction of the 2-D images, we may use the values of the maximum amplitude
Amax(x, y) or the arrival time tarr(x, y) of the temporal waveforms or, alternatively,
the temporal spectrum for a speciﬁc frequency obtained by Fourier transformation
of the temporal signal. Figure 4.16 shows a sketch of a TPI process in transmission
geometry.
4.2.2 Continuous-Wave THz Molecular Gas Lasers
There are several gases that are used in molecular lasers producing lines in the range
of 40 - 1200 mm (7.5 - 0.25 THz). Continuous-wave laser with powers of the order of
several mW are available. The limitation of these sources is that they oﬀer a discrete
set of lines with no tuneability, and so are unsuitable for the majority of spectroscopic
applications.
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Figure 4.16: TPI by raster-scanning in transmission geometry
Table 4.4: THz generation performance of cw systems [12]
Gunn
Oscillator
Gas
Lasers
BWO FEL QCL
Peak Power
(mW)
0.1 - 100 1 - 180 1 - 50 108 10
Bandwidth
(GHz)
10−2 10−2 10−2 104 103
Tunability Changing the
length of the
resonant
cavity
Changing
the
excitation
gas
Continuously
tunable
Changing
the
magnetic
ﬁeld and
the
electrons'
speed
Nontunable
Generated
Frequency
Range
(THz)
0.1 - 0.8 1 - 6 0.2 - 1 10 - 100 1 - 3
Although there are numerous types of techniques for continuous-wave THz generation
such as optical heterodyne down-conversion or photo-mixing, diﬀerence frequency gen-
eration (DFG), p-type germanium lasers, quantum-cascade lasers (QCL), free electron
lasers (FEL), etc., in the present work an optical pumped THz molecular gas laser
have been used. In Table 4.4generation performance for continuous-wave THz systems
is presented.
Since the cw THz radiation sources in most CWTI systems are not synchronized (phase-
locked) to an optical source which could be used for signal sampling, usually coherent
detection cannot be used. The THz source and the detector are independent except
in cases when the THz source is tunable, where it is possible to combine spectroscopic
measurements with imaging like in TDTS systems. When a source with ﬁxed frequency
and a single detector are used, the CWTI systems are not capable to provide frequency-
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Table 4.5: Comparison Between CW and Pulsed THz Systems [12]
CW THz System Pulsed THz System
Provided
Information
Transmitted energy
Field magnitude, optical
path length (transmission
time), absorption spectrum,
phase, pulse shape
Scanning Speed
0.005 s.(point)−1at 1 mm
step size (limited by the
translation stage maximum
speed of ∼ 0.2m.s−1
20− 0.05 s.(waveform)−1
Data Complexity Low High
System
Complexity
Low High
Approximate Cost
of the System
(EUR)
30 000,00 -100 000,00 60 000,00 - 200 000,00
Figure 4.17: Schematic diagram illustrating a simpliﬁed view of a
THz gas laser system
domain or time-domain information about the studied sample but only intensity data.
Even so, they can yield energy transmission maps that are suﬃcient for many image
applications. Furthermore, these systems are compact and simple. They do not require
pump-probe system or time-delay lines and the image formation is overwhelmingly
fast. The complexity of the optics is reduced compared to the THz pulsed systems and
furthermore they are relatively low-cost (Table 4.5).
Because of the above enumerated reasons we have decided to use the CWTI system
for sample imaging. Far-infrared (FIR) THz molecular gas laser from Edinburg In-
struments have been used. A general sketch of a FIR laser is presented in the Figure
4.17.
The basic work principle of this type of lasers is quite similar to that of a normal laser
systems, the only relevant diﬀerence is the existence of an intra-cavity waveguide used
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Table 4.6: THz gas lasers [13]
Molecular gas
Chemical
symbol
Radiated
frequency (THz)
Power (mW)
Methanoic acid HCO2H 0.76 37
Methanol CH3OH 1.84 25
Diﬂuoromethane CH2F2 2.5 > 100
for conﬁnement of the laser modes in transverse direction. These lasers employ a low-
pressure molecular gas placed in a Fabry-Perrot cavity, and usually they are optically
pumped with a grating-tuned CO2 laser. Polar molecules are the gain media of THz
gas lasers. They have strong absorption by the vibrational band coinciding with the
emission band of the CO2 laser, ranging from 9−10µm. Some of the most common used
gases are methanol (CH3OH), diﬂuoromethane (CH2F2), methanoic acid (HCO2H),
etc. They have been used in this work and their characteristics are presented in Table
4.6.
To understand how this THz laser works, we brieﬂy re-examine the quantum-mechanical
molecular processes. When the molecule has permanent dipole moment its rota-
tional transitions absorb or emit photons. The type of molecules used for FIR lasers
have permanent dipole moments so their rotational transitions are directly coupled to
electromagnetic radiation through dipole interactions. The laser gases molecules are
polyatomic molecules and they have complicated vibrational-rotational modes than
those of diatomic molecules. As an example, consider the polyatomic molecule of
water (H2O). It has three rotational axes corresponding to three degrees of rotational
freedom. In Figure 4.18 rotational degrees of freedom are shown only.
Figure 4.19υ = 0 shows an energy-level diagram illustrating the optical excitation of a
laser gas and the production THz radiation. The population inversion and gain occurs
between rotational levels within excited vibrational bands.
The excitation caused by the optical pump occurs from the lowest vibrational mode,
with a thermal population of rotational states given by [77]
N(J,K) =∝ g(J,K)e−Erot(J,K)/KBT (4.6)
where Erot(J,K) = BJ(J + 1) + CK
2 with rotational constants B = ~/2I and C =
~/ (1/2Ic − 1/2I), is the rotational energy eigenvalues, to the ﬁrst excited vibrational
mode, υ = 1. Thus THz radiation is emitted due to the optically induced population
inversion between J+1 and J−leves for υ = 0 , and between J and (J−1)−levels υ = 1.
There also occurs a cascade transition from J − 1 to (J + 1) − leves that contributes
to THz radiation. Conversion eﬃciency here is low because a great percentage of the
pumping is converted into heat. The theoretical limit on eﬃciency for this type of
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Figure 4.18: Diagram illustrating the three rotation axes of a water
molecule
lasers is given by Manley-Rowe limit as follow [78]
ε =
νTHz
2νpump
(4.7)
where ε is the conversion eﬃciency of the pump into THz radiation, νTHz is the
frequency of the emitted THz radiation, and νpump is the frequency of the optical
pump.
4.2.3 Continuous-Wave THz Imaging
As stated before (see chapter 3), there are two modalities of THz imaging, (a) trans-
mission geometry imaging (for thin or minimally absorbing media) and (b) reﬂection
geometry method (for thick or highly absorbing media). Owing to the characteristics
of our samples we opted for transmission geometry modality. THz imaging can be
considered as the latest technique introduced into the ﬁeld of innumerous imaging
technologies existent nowadays. Figure 4.20 illustrates the CWTI process. As it can
be seen, the system does not need complex optics or delay-lines.
As it was already stated, our CWTI system relays on an optically pumped molecular
gas THz laser, delivering a discrete spectrum of emission in the range of several
mW, Kasalynas et al [79]. The laser power is monitored continuously with a bow-
tie diode [80]. Pre-deﬁned zones of the samples with dimension 40× 40 mm have been
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Figure 4.19: Schematic illustrating the energy-level diagram of a
typical optical pumped THz gas laser
y
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Figure 4.20: Schematic of CWTI system. The image is produced
by raster-scanning of the sample. The THz imaging technology is still
in its infancy and, therefore, it should be inopportune to predict the
impact of this technology for years to come. For now the THz imaging
is a unique and self-suﬃcient by its characteristics. It has already
found applications which are inaccessible to other imaging techniques.
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Figure 4.21: Sketch of a diagram showing the imaging procedure
imaged by scanning with a 0.95 mm beam spot diameter. Figure 4.22 is the technical
implementation of the schetch shown in Figure 4.20.
The imaging method has been the raster-scanning of the sample by transmission, Figure
4.21. The sample was mapped pixel-by-pixel by raster-scanning using translation stage
holding the sample. The detector measured the transmitted THz radiation through the
sample. The measurements have been done at ﬁxed frequencies of 1.84 and 0.76THz.
Although THz medical imaging is at its incipiency our preliminary results (shown in
the following chapter) and those of other research groups (existing in the literature)
in this ﬁeld, show its promising potential to provide a safe and eﬃcient technique for
medical diagnosis.
One of the promising advantages of the THz radiation in biomedical applications is
that the THz techniques are non-invasive, non-ionizing (1− 10 meV) and non-contact.
Because of high water content of biological tissue and consequently the strong THz
attenuation of this medium, the in-vivo imaging is limited to reﬂection geometry and for
epithelial tissue diagnose only. This strong interaction of water with THz radiation, to
a certain extent, becomes useful for biomedical applications. In fact, the THz imaging
is sensitive to small changes in hydration levels of the biological tissue, a fact which
could be a critical measure for medical diagnose for tissue normalcy and its diseased
state, mainly in cancer detection. Previous studies on THz skin imaging and breast
imaging [19, 20, 81] have demonstrated encouraging results in discriminating normal
(health) from diseased tissue and that the obtained contrast showed well deﬁned (when
compared to histological ﬁndings) tumor margins. Up till now, studies focused to colon
and rectum cancer are scarce, thus our work may be one of the few. This bring us
more diﬃculties to make comparative analyzes on our results.
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Moving sample THz laser Cryo camera 
Figure 4.22: Photography of the technical implementation of the
diagram of the Figure 4.20.
The THz imaging technology is still in its infancy and, therefore, it should be in-
opportune to predict the impact of this technology for years to come. For now the
THz imaging is a unique and self-suﬃcient by its characteristics. It has already found
applications which are inaccessible to other imaging techniques.
4.2.4 Summary
In this chapter, a brief introduction on cancer biology is made before entering the TDTS
section. We describe the daunting task of the spectrometer setup, the experimental
geometry alignment and the sample holder arm positioning. A brief treatment on
tissues preparation (histopathologically), tissue container-cell preparation and tissue
mounting procedures is shown. Experiments' dynamic range was additionally taken
in account with a short explanation on how this concept is associated with the THz
measurement process. Finally, a short introduction on working principles of a molecular
gas laser generating/emitting continuous-waves at THz frequency range, that was used
for the imaging section of this work.

Chapter5
Experimental Results of Transmission
Time-domain THz Spectroscopy and
Continuous-Wave THz Imaging
5.1 Introduction
In the present chapter a summary of the experimental results is presented. In section
5.2, results of TDTS on colon and rectum tissue in transmission geometry are discussed,
and in section 5.3, results of CWTI on randomly chosen tissues previously measured
by TDST are also discussed.
5.2 Transmission TDTS on Colon and Rectum
Tissue
Firstly a set of 2 samples with freshly excised colon and rectum tissue have been
measured. Secondly a set of 8 samples comprised of four formalin-ﬁxed colonic tissues
and equal number of paraﬃn-embedded ones (i.e., four pairs (formalin-ﬁxed  paraﬃn-
embedded) have also been measured. For the sake of comparison, a normal colon tissue
was also measured. As it was shown in Figure 3.5 and Figure 3.6, the THz pulse-train
propagates through the sample with frequency-dependent refractive index ns(ω) and
absorption coeﬃcient αs(ω). This pulse-train (sample signal) does experience reﬂection
losses at the sample's interfaces as well as absorption throughout the sample, besides
the changes caused by the spectrometer's optical components. The reference pulse only
experiences changes caused by the optical components of the spectrometer. Thus, the
extraction of the aforementioned optical parameters (ns(ω) and αs(ω) of the sample,
needs the time-domain data to be transformed into frequency-domain through Fourier
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transformation. All the results presented in the present work have been obtained using
the formulation for TDTS data analysis presented in chapter 3.
The TDTS measurements consisted of focusing the terahertz radiation into chosen
spots of the samples and the record of the transmitted signal. Both the reference and
the sample signal have been recorded. Then Fourier transformation was performed on
the two THz time signals, Eref (t) and Es(t), and the refractive indices and absorption
coeﬃcients have been calculated. Depending upon the location of the chosen spot
(i. e., less absorptive or strongly absorptive tissue's region), attenuation of the THz
signal is noticeable in the recorded data transmitted through the sample. Since in thick
samples, the sample pulse appears some picoseconds after the reference signal, it would
be possible, using the relation ∆t = d(n− 1)/c, to estimate the refractive index of the
measured points. In the relation, ∆t represents the delay of the sample signal respect
to the reference one, and d the thickness of the sample. This technique was not used
in this work.
Since the central regions of the freshly excised colon and rectum tissues were strongly
absorptive and therefore, no transmitted THz signal could be measured, the tissues
borders have been eligible for the randomly chosen spots for TDTS measurements.
As was above stated, from the obtained time-waveforms the respective absorption
coeﬃcients and indices of refraction have been calculated using the spectral data yielded
by Fourier transformation.
Figure 5.1 shows the transmitted time-waveforms for the reference signal and the
sample signals. Figure 5.2 presents the spectral amplitudes of the signal corresponding
to spots of normal rectum tissue and Figure 5.3, aﬀected rectum tissue. Figure 5.4
and Figure 5.5 show the absorption coeﬃcient and the index of refraction for rectum
tissue respectively. Diﬀerences between healthy and cancer aﬀected tissues are visible
in this sample, over the complete working frequency range. The diﬀerences are not
clear in the colonic tissue for frequencies higher than 1.5 THz (Figures 5.6 and 5.7).
The presence of fat-like tissue structure, observed in both colon measured spots, may
explain this result, as it will be discussed later. For completeness, plots of n as fuction
of α have also been analyzed and are shown in Figure 5.8 , for rectum and Figure 5.9,
for colon.
With the second group of samples we have not faced problems related with low THz
beam transmittance, since they have been submitted to ﬁxation processes (formalin
ﬁxation and paraﬃn embedding), actions that remove signiﬁcantly the water content
in the tissue, lowering consequently the power absorption of the samples. A sequence of
data treatment of 3 measured spots for a single paraﬃn-embedded tissue is presented.
It begins with a cluster of temporal waveforms: one passed through the polyethylene
window only (reference) and three passed through 3 randomly chosen spots on the tissue
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Figure 5.1: Time signals of colonic and rectal tissues.
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Figure 5.2: Spectral amplitude of normal rectum tissue.
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Figure 5.3: Spectral amplitude for aﬀected rectum tissue.
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Figure 5.4: Calculated optical parameters of the normal and cancer
aﬀected rectum tissue: Absorption coeﬃcient α.
5.2 Transmission TDTS on Colon and Rectum Tissue 81
0 , 5 1 , 0 1 , 5 2 , 0 2 , 5 3 , 0
0 , 5
1 , 0
1 , 5
2 , 0
2 , 5
3 , 0
3 , 5
Ref
rac
tive
 ind
ex (
n)
F r e q u e n c y  ( T H z )
R e c t u m  t i s s u e
T u m o r
N o r m a l
Figure 5.5: Calculated optical parameters of the normal and cancer
aﬀected rectum tissue: Refractive index n.
Figure 5.6: Calculated optical parameters of the normal and cancer
aﬀected colon tissue: Absorption coeﬃcient α.
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Figure 5.7: Calculated optical parameters of the normal and cancer
aﬀected colon tissue: Refractive index n.
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Figure 5.8: Refractive index as function of absorption coeﬃcient of
2 diﬀerent spots measured in a rectum tissue.
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Figure 5.9: Refractive index as function of absorption coeﬃcient of
2 diﬀerent spots measured in a colon tissue.
(Figure 5.10). The following step comprised its transformation into frequency-domain
through a Fourier transformation (Figure 3.6).
From this stage of data status, the frequency-dependent optical parameters, α and n,
of the sample are then extracted (Figure 5.11 and Figure 5.12) using the equation 3.17
and equation 3.18. As with the colorectal tissues, a plot α(n) is here also presented
in Figure 5.13. The plot corresponds to 3 measured spots of a paraﬃn-embedded
colon tissue chosen as an example of evidence of discernible contrast between normal
and aﬀecte points. Figure 5.14 presents the calculated plots of the absolute indices of
refraction for normal tissue samples in muscle (S4f (λ), S4p (λ)) and mucosa (S4f (σ),
S4p (σ)) regions. The refractive index of the muscle (λ) is higher than the refractive
index of the mucosa (σ). The refractive indices of formalin-ﬁxed tissues are slightly
higher than those of paraﬃn-embedded ones.
That diﬀerence is much smaller in the case of mucosa, where the indices of refraction
for formalin ﬁxed and paraﬃn embedded samples are very close. This can be explained
by the higher percentage of hydration in the case of formalin ﬁxed muscle [19, 60, 81]
in comparison to mucosa, justifying a large diﬀerence between S4f (λ) and S4p(λ) and
no diﬀerence between S4f (σ) and S4p(σ). In all cases, the refractive indices decrease
with frequency.
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Figure 5.10: Reference and tissue time signals. Tissue signals
correspond to 3 measured points of one of paraﬃn-embedded tissues
(S1p).
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Figure 5.11: The absorption coeﬃcients correspondent to time
signals of the 3 measured points of the Paraﬃn-embedded colonic
sample.
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Figure 5.12: Refractive indices of the 3 measured points of the
paraﬃn embedded colonic sample.
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Figure 5.13: Refractive index as function of absorption coeﬃcient of
3 diﬀerent spots measured in a paraﬃn-embedded colon tissue.
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Figure 5.14: Refractive index plot for formalin ﬁxed (f) and paraﬃn
embedded (p) normal colon tissues: muscle (λ) and mucosa (σ).
Figures 5.15 and 5.16 present the calculated plots of the relative variation of the
refractive indices ∆ns/ns = (ncan − nnorm) /nnorm (where the subscripts, can refers to
cancer and norm to normal) as function of frequency, for the sample groups: formalin
ﬁxed (S1f and S2f ) in Figure 5.15, and paraﬃn-embedded (S1p and S2p) in Figure
5.16. Two cancer aﬀected spots (α and β) and one normal spot (ν) in each sample
have been measured by TTDTS. The values of the relative variation of the refractive
indices are larger than zero in all samples. That means the refractive indices of the
cancer aﬀected spots in each sample are higher than that of normal spot in the same
sample. It is reasonable to conclude that higher values of ∆ns/ns correspond to higher
cancer development stage. Actually, since ∆ns/ns is larger in both, formalin ﬁxed and
paraﬃn embedded samples for the case of the spots a, as compared to the spots b, in
both samples 1 and 2, we may conclude that spots a correspond to a more dense tumor.
In the case of sample 1, that diﬀerence is stronger and therefore the diﬀerence in the
cancer stage development should in principle be higher. The curves corresponding to
the samples S3f and S3p are not shown, since they show similar behavior as the samples
S2f and S2p, respectively.
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Figure 5.15: Spectra of the relative index variation for formalin-ﬁxed
samples, measured at the cancerous regions spots α and β.
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Figure 5.16: Spectra of the relative index variation for paraﬃn-
embedded samples, measured at the cancerous regions spots α and
β.
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5.3 Continuous Wave THz Imaging (CWTI) on
Colonic and Rectal Tissues
The absorption of biological media in the THz frequency range is caused by low-
frequency weak inter- and intramolecular vibration and vibrational modes such as
hydrogen bonds. Scanning a sample with a THz beam imaging by an appropriate
technique, such as CWTI, it is possible to get 2D absorption maps of the sample.
The samples used for CWTI have been chosen among those used for TDTS measure-
ments, and the measurements have been made at the same environment conditions. The
samples have been mounted on a computer-controlled X−Y translation stage, in order
to be scanned, point by point, with the focused THz beam, using the spectrometer set-
ups of Figure 4.20 and Figure 4.22. By scanning the selected areas of the samples, shown
in Figures 5.17 and 5.18, with a continuous wave (CW) THz radiation, it was possible
to get the absorption coeﬃcient distributions. The imaging time for the entire window
area of was less than 20 minutes. Figure 5.17 shows the 2-D absorption images for colon
and rectum samples for a ﬁxed wavelength λ = 163µm, or frequency ν = 1.84THz,
which corresponds to the beginning of water absorption band whose absorption peak is
known to be centered at 5.4THz [20]. Following the imaging of the ﬁrst set of samples,
we proceeded with the second set.
The images of the absorption coeﬃcient distributions of two samples, S1f and S2p,
have been obtained with this technique, by scanning the areas of the samples with the
focus spot of continuous wave THz radiation at a ﬁxed wavelength of λ = 393µm or
frequency ν = 0.76THz.
Figure 5.18 shows the photographs of two samples and the respective absorption images.
It can be observed that the cancer areas, as identiﬁed by histopathological analysis,
show higher absorption coeﬃcient (red color) than the normal areas.
The spots α and β that have been studied by TTDTS in the previous section present
higher absorption coeﬃcients, and the spot ν, lower absorption coeﬃcient. The reddish
areas in the THz images of Figure 5.18 correlate well with the histopathologic ﬁndings.
A normal border eﬀect can be observed in blue-green color at the sample borders.
The orange area in S1f of Figure 5.18 (c) corresponds to normal mucosa and the
green area to normal muscle. The diﬀerence in colors is due to the diﬀerence of the
absorption coeﬃcient which is higher for the mucosa. Both higher refractive indices
and absorption coeﬃcients seem to be a signal of the presence of cancer in the studied
samples, although their increasing with cancer density cannot be generally taken from
our data. In the case of index of refraction, our results are apparently conclusive in
that respect, but this is not so in the case of the absorption coeﬃcients, as shown in
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Figure 5.17: Sample images with visible light (left) and the
corresponding images with THz continuous wave at λ = 163µm
(ν = 1.84TH) (right). The samples contain aﬀected and healthy
zones: (a) colon tissue, and (b) rectum tissue. The black areas, which
correspond to stronger absorption, indicate the presence of cancer.
The stars in the images represent the measured points in the TDTS
experiments.
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Figure 5.18: Samples that have been imaged by CWTI at the
wavelength λ = 393µm (ν = 0.76THz): (a) and (b); CWTI images
of the samples: (c) and (d). The reddish areas, corresponding to
stronger absorption, correlate quite well with the cancer aﬀect regions
determined by histological observation.
the CWTI image of Figure 5.18 (c) where spot α should present a more reddish color
than spot β. More detailed studies of the correlation between refractive indices and
absorption coeﬃcients in cancer aﬀected tissues are, therefore, needed for clariﬁcation.
5.3.1 Summary
In this chapter results of all of the experiments realized toward the aims of the present
work are presented, starting with those of TDTS on colorectal and colon. Time
waveforms corresponding to the reference medium and normal and aﬀected points of
diﬀerents tissues are shown. Plots of absorption coeﬃcient and refractive index of the
tissues obtained from the time signals data are presented. The obtained TDTS data
are analyzed using the analytical formulations discussed in chapter 3 and the optical
parameters (α and n) are calculated and plotted. The spectra of the two parameters
show a noticeable contrast between health and diseased tissues. For the sake of degree
of conﬁdence on the calculated α and n values, error bars have been added with 95% of
conﬁdence. Using CWTI setup, selected samples, taken from those previously measured
in TDTS, have been imaged (at a ﬁxed frequency of 1.84 THz for colorectal tissues,
and 0.76 THz for the only colonic tissues) in order to validate the TDTS ﬁndings. All
this information helped us to better understand, visualize and conﬁrm the existence of
hidden contrast factors other than water, a fact that we have been looking for as the
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main objective of the present work.

Chapter6
Conclusions and Further Work
This chapter provides a summary of the study carried out in this thesis work that was
presented in the previous chapters, and provides suggestions for future research work.
It presents some arguments that indicate that the THz techniques have the potential
to be a superior complement to the techniques for cancer screening in use nowadays.
In the work of several groups [20,31,56,81] with freshly excised tissues, the diﬀerences
on the refractive indices and absorption coeﬃcients in cancer aﬀected samples have
been mainly attributed to the presence of a higher concentration of water [59, 65,
66]. However, other possible factors have been pointed out by authors of numerous
studies envolving formalin-ﬁxed, dehydrated and paraﬃn-embedded tissues [82, 83].
Thus, additional studies have been suggested toward the determination of the other
contrast-contributing factors, in order eﬀective THz techniques and methods to be well
established.
Some cancer contrast factors are already known such as: (1) the increase in the
vasculature due to the release of growth factors that also lead to rapid cell division
and higher cell densities [19]; (2) the conditions within the tumor microenvironment,
that diﬀer considerably from those of normal tissue [59], for instance, low oxygen
levels (hypoxia). Angiogenesis is one of the main responses of the tumor to overcome
the hypoxia; (3) the rapid and uncontrolled cell division that leads to an increased cell
density and/or to the presence of certain proteins, and (4) tryptophan and other amino
acids play a crucial role in the proliferation of tumor cells [84], and their inﬂuence in
the contrast is still in evaluation [63]. There is a dependence of the tumor development
upon the nutrients received through the blood. Tumor cells, like all other cells need
amino acids for their proliferation [8587]. The majority of the tumor cells have the
capability to gather amino acids more than normal cells can.
To summarize, we have checked the relevance of other factors, besides the water, for
THz cancer detection. We have studied two sets of tissue samples: one set is ﬁxed in
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formalin, where water exists, and the other set is dehydrated and embedded in paraﬃn.
Both types of samples have been taken from the same bio-structural typology and the
measured spots belong to the same regions. Using TTDTS and CWTI, we have shown
that cancer aﬀected regions of all samples show higher refractive indices and absorption
coeﬃcients that distinguish them from the normal ones. The present study reinforces
the feasibility of these THz techniques for colon cancer detection. It also demonstrates
the higher percentage of water in cancerous tissues is not the only factor contributing
to the contrast of the observed refractive index and the absorption coeﬃcient.
6.1 Future research work
The present status of the THz technique's capability in real biomedical application is in
its dawn infancy, limited only for in-vivo skin and ex-vivo tissue diagnostic screening.
Up till now the contrast mechanisms and the exact contrast factors are not clearly
understood. The present study aimed to conﬁrm the existence of other factors beside
the water. Water is already known as a strong contrast factor as by refractive indices
as well as by the absorption coeﬃcients spectra. At the present stage of development
of THz techniques, imaging and spectroscopy in transmission geometry will likely be
diﬃcult to be applied in in-vivo screenings. Reﬂection geometry is the only promising
method for in-vivo skin and internal organs' diagnose, and therefore, for all types of
THz diagnosis techniques more studies are still needed.
There are some research tasks that have to be done in further research work: (1)
how to overcome the limitation of THz in penetration depth; (2) the development of
endoscopic THz capabilities by improving the THz reﬂection modality; it could be
implemented by the use of incorporated THz-chips in ﬁber optics guides for internal
organs and gastrointestinal (GI) tract cancer screening; (3) the characteristics of the
THz pulse shape changes drastically with the alteration of the positions of any of
optical components of the quasi-optical THz set-ups; it would be worth modeling the
THz pulse shape and comparing it with the real THz pulse-shape with the eﬀects of
each of THz-system's optical components included in its ﬁnal pulse-shape and frequency
spectrum; (4) improvement of the methods for ﬁltering by signal processing of Fabry-
Pèrot eﬀect and water vapor noise removal, also would be a recommendable further
task. We highlight that, in next THz works, we plan to address our experiments to
reﬂection imaging and spectroscopy in order to approach its application in real world
as for skin as well as for internal organs.
AppendixA
Tables
Table A.1: Techniques for the Screening of Colon and Rectum Cancer
Complete
Blood
Count
Anemia assessment (some people with colon
or rectum cancer become anemic because of
prolonged bleeding from the tumor.
BLOOD TESTS
Tumor
Markers
Substances such as carcinoembryonic antigen
and CA 19-9 may be generated by colon
or rectum cells and released into the blood-
stream, the technique serves to show how
well the treatment is going, in people who
already have been diagnosed with colon or
rectum cancer and are in ongoing treatment.
TESTS FOR
COLON AND
RECTUM
POLYPS OR
CANCER
Biopsy The removal of a small piece of tissue once a
suspected colon or rectum cancer is found by
any diagnostic test method. It a time con-
suming and painful medical procedure.The
removal of a small piece of tissue once a
suspected colon or rectum cancer is found
by any diagnostic test method. It a time
consuming and painful medical procedure.
Lab Test of
Samples
The colonoscopy or surgery biopsied samples
are sent to histopathological examination
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Table A.2: Imaging Techniques for Colon and Rectum Cancer
Computed tomography
(CT or CAT)
X-ray test that produces cross-sectional images
with a considerable level of spatial resolution.
CT-guided needle
biopsy
The introduction through the skin of a needle to
the suspected tissue mass inner the body.
Ultrasound Endorectal and intra-operative ultrasound
Magnetic resonance
imaging (MRI)
Uses radio-waves instead of X-rays and provides
well-resolved images of soft tissue.
Chest X-rays
Performed in people who already have been di-
agnosed with colon or rectum cancer to verify
whether the cancer has spread to the lungs.
Positron emission
tomography (PET)
Is a technique that produces a map of the body
radioactivity, despite not spatially well-resolved.
Fluorodeoxyglucose (FDG), a radioactive sugar is
injected into the bloodstream and then, cancer
cells absorb large amounts of the FDG and, with
an aid body radioactivity, despite not spatially
well-resolved. Fluorodeoxyglucose (FDG), a ra-
dioactive sugar is injected into the bloodstream
and then, cancer cells absorb large amounts of the
FDG and, with an aid of a camera, a picture (or a
map) of areas of radioactivity is generated.
Angiography An X-rays technique for blood vessels assessment
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Table A.3: Current Novel Methods in Colonoscopy
Technique Advantage Desadvantage
Chromo-
endoscopy
Cost eﬀective, simple adenomas
and dysplasia detection improve-
ment
Operator dependent and do
not determine polyp histol-
ogy
Confocal
Fluorescence
Microscopy
Improved spatial resolution, de-
tects superﬁcial tumor invasion,
gives 3D images and accuracy
comparable with that of histo-
logic examination
Systemic ﬂuorescence
agents required, not
suitable for the screening of
large mucosal areas.
Fluorescence
Spectroscopy
May distinguish normal from dys-
plastic tissues, large areas of mu-
cosal screening in real time, easily
identiﬁes ﬂat adenomas
Problems on patients with
bowel inﬂammation, mu-
cosal folds artifact
Light-Scattering
Spectroscopy
Strong signal, employs white light
(cost eﬀective), distinguishes nor-
mal from dysplastic tissue
Poor reproducibility of the
signal, small sampled tissue.
Optical
Coherence
Tomography
(OCT)
Highly improved spatial resolu-
tion and superﬁcial tumor inva-
sion identiﬁable
Very costly facility and sub-
jectivity in image interpre-
tation
Raman
Spectroscopy
Objective, molecular speciﬁc
technique, can diﬀerentiate wide
range of pathologies
Time consuming, small vol-
ume of sampled tissue
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